The geochemistry of differentiation process in granite magma chambers by Sawka, Wayne Nickolas
Australian
National
University
THESES SIS/LIBRARY 
R.G. MENZIES LIBRARY BUILDING NO:2 
THE AUSTRALIAN NATIONAL UNIVERSITY 
CANBERRA ACT 0200 AUSTRALIA
TELEPHONE: +61 2 6125 4631 
FACSIMILE: +61 2 6125 4063 
EMAIL: library,theses@anu.edu.au
USE OF THESES
This copy is supplied for purposes 
of private study and research only. 
Passages from the thesis may not be 
copied or closely paraphrased without the 
written consent of the author.
THE GEOCHEMISTRY  OF D I F F E R E N T I A T I O N
PROCE SS ES  IN G R A N I T E  MAGMA CHAMBERS
b y
WAYNE NICHOLAS SAWKA MSc.(U.C.L.A.)
A thesis submitted for the degree of 
Doctor of Philosophy
of
THE AUSTRALIAN NATIONAL UNIVERSITY
April ,  1985.
II
STATEMENT
This thesis consists of several projects, some of which have 
involved joint work. The contributions of other people are 
acknowledged by co-authorship of papers where this was appropriate. 
However, I have written all of the chapters in this thesis with the 
exception of minor changes suggested by my junior authors.
The purpose of my master's thesis at the University of 
California, Los Angeles was to outline a more extensive study which 
forms part of my Ph.D. thesis. Eighteen samples were examined to 
define the existence of vertical zoning in the Tinemaha pluton, as 
part of my master's degree. Separate uncrushed splits of these 
samples were retained for new analyses at A.N.U., in order to provide 
analytical consistency.
In Chapter 7 of this thesis, J.F. Banfield (a co-author) 
provided written material (which I transcribed into section 7.2), the 
SEM photos (Plates 7.1 and 7.2), and the data for Figure 7.1. Dr. 
B.W. Chappell made his unpublished analyses available to me in 
Chapters 7 and 8 and in Appendix 4.
Unless otherwise acknowledged all analyses, interpretations and 
arguments are my own.
Ill
ACKNOWLEDGEMENTS
This study was conducted in the Geology Department of the 
Australian National University whilst I held an Australian National 
University Ph.D. scholarship.
I would like to thank Dr. B.W. Chappell for his supervision of 
this project. In particular, I am grateful for his confidence in my 
abilities that allowed me the tremendous scientific freedom to 
investigate various topics. This was further demonstrated by his 
ability to always provide the necessary analytical and financial 
support to meet my demands which far exceeded those of other students. 
I also wish to thank my two thesis advisors Dr. J.W. Walshe and Dr. 
M.T. McCulloch for their advice and general support over the last 
three years.
Ross Freeman provided invaluable assistance with laboratory 
aspects of this thesis. I will always remember his willing assistance 
and good humour in dealing with all sorts of problems. Liz Webber and 
Jack Wasik provided assistance with laboratory methods and wet 
chemical analyses; Lillian Wittig and Chris Foudoulis provided 
assistance with drafting and photographic services.
Analytical work was kindly provided by the following people: Dr.
87 86R.W. Kistler (U.S.G.S.), Sr /Sr determinations; and, Dr. T. 
Stern (U.S.G.S.), U-Pb zircon age determination. Microprobe analyses
IV
were conducted at the C .S.I.R .O. Division of Soils in Adelaide under 
the supervision of Dr. Keith Norrish and at the A.N.U. Research 
School of Earth Sciences under the direction of Mr. Nick Ware. 
Software for data reduction and plotting was written by Dr. B.W. 
Chappell. Drs. B.W. Chappell and P.C. Bateman collected the 
samples for Chapter 5 of this thesis (Bald Rock pluton). I thank 
Paula Brooks and Mary MacDougall for typing this thesis and enduring 
the many changes which occurred.
I would especially like to thank Dr. Paul C. Bateman of the 
U.S. Geological Survey for stimulating my interests in granites to 
beyond those of purely rock climbing. Paul's enthusiasm and insight 
during our field work together, will remain one of my most valued 
experiences. This thesis is largely the outgrowth of his suggestion 
that I examine vertical zoning in the Palisade Crest region. I 
gratefully acknowledge the support of Paul and of the U.S. Geological 
Survey during the field aspects of this study. The U.S.G.S. 
Wilderness evaluation programs of Ed DuBray (John Muir Wilderness and 
Golden Trout Wilderness Areas) and Dr. F.C.W. Dodge (Dinkey Lakes 
Roadless Area) provided some much needed helicopter support that 
enabled large geochemical samples to be taken out of the backcountry 
more easily.
I would like to thank my climbing field assistants Del Johns, 
Peter von Gaza, and Lars Mollor. In particular, I thank Del Johns who
Vreturned for a second field season after being evacuated by helicopter 
due to a climbing accident during the first season.
I wish to thank the following people for useful discussions and 
stimulating my ideas: Dr. J.S. Turner, Dr. I.S. Williams, Dr. 
L.T. Silver, Dr. R.W. Kistler, Dr. D.P. Windrum, Dr. T.C. Liew, 
Dr. D. Wyborn, Dr. C. Johnson, Ms. J. Banfield, Dr. T.M. 
Harrison, Ms. R. Rudnick, Dr. R. Taylor, Dr. R.H. Hine, Mr. 
Imants Kavalieris, Mr. W.F. McDonough and Mr. J. Wijbrans.
Finally I wish to thank my parents for their years of support and 
encouragement of my education.
VI
ABSTRACT
Three major, though interrelated, topics are addressed in this 
study and these are: 1) the crystal sorting mechanism in 
compositionally zoned granite plutons; 2) compositional variations in 
U-, Th- and rare-earth element concentrating accessory minerals; 
and, 3) the distribution of radioactive heat production in granites.
Three examples of concentrically-zoned, I-type, granite plutons 
from the Sierra Nevada batholith, California, U.S.A., yield a 
consistent model for crystal fractionation leading to compositional 
zoning. These plutons include the compositional range 59$ to 75%
SiO-p and the rock types: potassium-rich granite-granodiorite (two 
plutons) and low-potassium, high-sodium tonalite-trondhjemite. 
Crystallizaton and accumulation of dense phases along the cooler magma 
chamber sidewalls decreases the density of the magma in the immediate 
vicinity. This lighter melt-magma then rises buoyantly upward along 
the sidewall as a boundary layer. Some mixing with the denser bulk 
magma occurs during the upward boundary layer flow, thereby reducing 
the overall density of the convecting bulk magma system. This in turn 
causes progressively lighter magma differentiates to be produced and 
move buoyantly upward along the sidewall toward the chamber roof. As 
these light magma differentiates pool at the top of the magma chamber 
normal or reversed density stratification occurs. Normal density 
stratification occurs when the lightest magmas continue to be emplaced 
above the earlier emplaced denser magmas. This normal density
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stratification process requires that the earlier emplaced denser 
magmas behave as liquids when the lighter magmas are emplaced later.
In reverse density stratification, the earlier emplaced, denser
magmas, solidify and behave as solids thus prohibiting the less dense
magmas, emplaced later, from rising through to higher levels.
The compositions of U-, Th- and REE-rich accessory minerals 
change dramatically during whole rock fractionation. In sphene, 
allanite, zircon and apatite, the concentrations of U, Th and REE tend 
to increase during whole rock fractionation. These accessory mineral 
compositional trends are not, however, always systematic. In most 
cases, the composition of the accessory minerals are determined by the 
paragenetic sequence rather than by the whole rock composition.
The distribution of radioactive heat production in granites from 
the Sierra Nevada batholith, U.S.A. and the Lachlan Fold Belt, 
Australia is controlled mainly by magmatic processes and also by the 
granite source rock composition. In general, I-type granites will 
tend to decrease in radioactive heat production with depth whereas, 
S-type granites will remain essentially uniform or will increase in 
radioactive heat production with depth. Therefore, S-type granites 
will normally have higher surface heat flows than I-type granites, due 
mainly to the different vertical distributions of heat production in 
these rocks types. Both I- and S-type granite residual source regions 
will potentially contain significant amounts of radioactive heat 
production. However, S-type granite residual source regions
V III
potentially contain even higher radioactive heat productions than 
those of the surface granites. This is due to residual monazite in 
S-type granites which is related to the chemical weathering of the 
sedimentary source rocks.

FRONTPIECE (over): West face of The Thumb, 4080m(13360ft.). Sample PAL 5
was collected from the summit of this peak.
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CHAPTER 1
INTRODUCTION
21.1 INTRODUCTION
The nature and origin of compositional gradients in granite 
plutons has become and continues to be an important research area of 
geology. Aside from the clear applications to the mechanisms of 
development of economic mineralisation, granites may preserve 
information on the processes which occur prior to silicic volcanism. 
Even though there is evidently a link between granite batholiths and 
ashflow tuffs (Smith, 1960), the transformation process involved 
remains complex (Lipman, 1984). The social importance of large 
pyroclastic eruptions cannot be over-emphasised, because these 
eruptions represent catastrophic events in the Earth's history, 
probably exceeded only by the impact of large meteorites (Lipman et 
al ., 1984). As a silicic magma chamber ceases volcanic activity and 
slowly cools to form a granite pluton, much of the volcanic cycle 
information is thought to be lost to hydrothermal fluids or subsolidus 
re-equilibration (Hildreth, 1981). However, some trace elements in 
accessory minerals may have remained largely unchanged by slow cooling 
effects, and therefore have great potential for providing new 
information about the final stages of the volcanic process.
Granites remain as an important rock type in the formation of 
economic grades of mineralisation (Mo, W, Sn and Cu, etc.) and are 
also potential sources for new types of geothermal energy such as 'hot 
dry rock'. Yet when granites directly associated with economic grades 
of mineralisation are examined, the results are often ambiguous due to 
the extensive alteration which accompanies ore formation. Therefore,
3it is necessary to examine processes which occurred in unmineralised 
granites as a guide to the process which may have occurred earlier 
only to be obliterated by the ore forming process.
1.2 THESIS AIMS AND FORMAT
Initially, this thesis was undertaken to specifically determine 
the origin of concentric compositional zoning within granite plutons 
(Part 1). However, it became apparent that many of this study's 
preliminary results were directly applicable to the vertical 
distribution radioactive heat production in granites, which forms Part 
2 of the thesis.
The first part of this thesis is aimed at determining: (1) the 
crystal-melt sorting mechanism in zoned granite magma chambers; (2)
the general composition of granite magmas at the time of intrusion
(i.e. before magma differentiation occurs); (3) the mineralogical
constraints on REE variations during granite fractionation; and, (4)
the possible analogies between the mechanisms of zoning in
unmineralised granites to granite associated with mineralisation.
The second part of this thesis aims at assessing: (1) the 
distribution of radioactive heat production in granites in terms of 
mineralogy and geochemistry of the phases concentrating Ü and Th and 
(2) the constraints on the radioactive heat production component which 
contributes to the near surface heat flow. A better understanding of
4radioactive heat production might provide information useful in the 
further development of granites as geothermal resources.
This thesis consists of a series of eight (8) papers; they are 
all partly interrelated by the theme of the geochemical variations in 
compositionally zoned granites. However, each paper is intended to 
stand alone as a separate and complete work. The thesis can be 
divided into two major parts. These are:
Part 1: studies relating to the origin of vertical and horizontal 
compositional zoning in three separate plutons from the 
Sierra Nevada batholith, U.S.A.
Part 2: studies relating to the vertical distribution of radioactive 
heat production in granites from the Sierra Nevada batholith, 
U.S.A. and the Lachlan Fold Belt, Australia.
All major chapters of this thesis were written in publication 
format, rather than in standard thesis format. It was hoped that all 
of the major chapters would be accepted for publication or submmitted 
for publication before inclusion in the thesis. This has nearly been 
accomplished; only two chapters have not yet been submitted for 
publication (Chapters 4 and 5). These two chapters were the last to 
be completed, even though they appear early in the thesis. The order 
in which the major chapters appear in the thesis does not indicate the 
order of completion. Therefore, there is not a continuous progression 
and development of ideas between chapters. A synthesis of the
5interrelated ideas and implications contained in the individual 
chapters is provided by the thesis Conclusions section (Chapter 9).
The body of this thesis consists of this introductory chapter, 
one published paper (Chapter 2), two papers that are accepted for 
publication (Chapter 3, Appendix 3), three manuscripts that are 
submitted for publication (Chapters 6, 7 and 8), two preliminary 
manuscript drafts (Chapters 4 and 5) and a concluding section (Chapter 
9). Each project chapter has been written to include an individual 
Conclusion section. Therefore, the thesis conclusions (Chapter 9) 
provides only a brief reiteration of the results in each chapter and 
serves mainly to interconnect the implications of the chapters which 
have evolved through the course of this study.
CHAPTER 2
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during granitoid fractionation
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ABSTRACT
Sphene and allanite rare-earth-element (REE) and whole-rock 
light-REE concentrations have been found to increase during grani­
toid fractionation. The REE concentrations in both sphene and allan­
ite crystals are zoned, with relative depletion occurring at the crystal 
rims. The REE concentration variability and zoning in these minerals 
can be explained by changes in the melt structure that occur during 
differentiation and final solidification of the granitoid. Our data sug­
gest that crystal-melt separation controls light-REE enrichment or 
depletion in granitoids and that the end result depends on liquidus, 
accessory, and/or restite phases present during the crystal-melt 
separation.
IN T RO D U C T IO N  A N D  G E O L O G IC  B A C K G R O U N D
In general, light rare-earth elements (REE), with their larger ionic 
radii, are considered to be concentrated in the melt as fractional crystalli­
zation of the major minerals (K d ^ jf11 <<1) occurs and those minerals 
are progressively removed (Arth. 1976). Such progressive light-REE melt 
enrichment is termed incompatible behavior. The light REE in felsic 
magmas, however, do not always behave incompatibly and may become 
enriched or depleted or remain approximately constant during whole- 
rock differentiation. It is now recognized that the concentrations of REE 
in felsic rocks are more variable than in mafic and intermediate rocks, 
with the difference resulting from an almost complete control by acces­
sory minerals in felsic systems— in particular, by sphene, allanite, and 
monazite (Gromet, 1979; Fourcade and Allegre, 1981). In some felsic 
rocks, light-REE depletion has been attributed to the separation of light- 
REE—rich accessory minerals combined with their decreasing saturation 
concentrations resulting from differentiation (Miller and Mittlefehldt,
1982). However, granitoids, in particular, appear to be capable of either 
enriching or depleting light REE during differentiation. Both aplites 
(Simmons and Hedge, 1978) and large plutons (Frey et al., 1978) may 
enrich light REE relative to earlier less fractionated rocks. Large varia­
tions in crystal/glass REE partition coefficients have been described in 
high-silica rhyolites (Mahood and Hildreth, 1983), indicating that similar 
variations might also occur in granitoids. In this study, we describe ap­
parent increases in accessory mineral REE partitioning during granitoid 
fractionation. While it is not possible to determine REE partition coeffi­
cients in granitoids, because the melt composition is not known, the rela­
tive mineral REE variations provide details of the changing REE melt 
ratio during solidification of the pluton, thus suggesting the crystallization 
order for accessory minerals.
The granodiorite of McMurry Meadows occurs along the eastern 
side of the central Sierra Nevada batholith and was first mapped and 
described in detail bv Bateman ( 1965). The pluton is the youngest
member in the intrusive suite of the Palisade Crest (Stern et al„ 1981) 
and is one of the most strongly zoned in the region. The pluton is bimo- 
dal, with an outer rim of mafic quartz monzodiorite, color index 30. and 
a central core of granite, color index 12. Both the quartz monzodiorite 
and the granite form a single Rb-Sr isochron with an initial K7R b /86Sr 
ratio of 0.7065 (R. W. Kistler, written commun.). The curved Rb versus 
Sr trend in Figure 1 suggests Rayleigh fractional crystallization with effi­
cient crystal-melt separation. Throughout the pluton, biotite is more 
abundant than hornblende, which may contain augite cores. Primary 
sphene occurs throughout the pluton; it is late formed (interstitial) in the 
mafic quartz monzodiorite and euhedral in the granite. Brown cuhedral 
allanite crystals occur only in the granite. Because both allanite and 
sphene are euhedral in the granite, their textures do not indicate which 
phase crystallized first. Further details of the pluton can be found in 
Dodge et al. (1968, 1969, 1982) and in Bateman and Dodge (1970).
Four samples, progressively more silicic coreward in the pluton and 
spanning most of the compositional variation in the pluton, were selected 
for detailed accessory mineral examination from fifteen samples exam­
ined geochemically by X-ray fluorescence. Sphene and allanite REE zon­
ing was investigated with a Cambridge Instruments electron microprobe 
at the C S IRO  Division of Soils in Adelaide. The REE glasses of Drake 
and Weill (1972) were used as standards. Minimum plotted light-REE 
values from microprobe analyses are at least 30% above the 3o detection
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Figure 1. W hole-rock Rb vs. Sr plot for M cM urry Meadows pluton. 
Solid symbols indicate samples discussed in this paper. Increasing 
R b /S r ratios of indicated samples correspond to increasing silica 
content.
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limit, whereas minimum heavy-REE values approach the 2a detection 
limit. Because of absorption effects associated with REE, U, and Th in 
the samples, analytical uncertainties are not estimated. However, our 
microprobe analyses have compared favorably with sphene separates an­
alyzed by 1NAA and suggest that the relative variations discussed are sig­
nificant. Whole-rock REE concentrations were determined by INAA at 
the Australian National University and analytical uncertainties are esti­
mated to be better than ±10%.
The data presented here are the initial results on the effects of grani­
toid fractionation on REE abundances in accessory minerals with both 
vertical and horizontal granitoid compositional zoning. When determina­
tion of accessory-mineral data is completed for the entire Palisade Crest 
suite, a more detailed model for the REE fractionation behavior will be 
presented.
REE DATA
Chondrite-normalized whole-rock REE patterns for the McMurry 
Meadows pluton are illustrated in Figure 2. The light-REE-enriched 
patterns are typical of granitoids from the Sierra Nevada batholith 
(Dodge et al., 1982). The most notable features of Figure 2 are the sys­
tematic increase in La and Ce abundances with increasing silica content, 
while middle and heavy REE, except Eu, remain essentially unchanged. 
Hornblende-bearing rocks throughout the batholith exhibit similar light- 
REE enrichments over the same silica range (58%-68%); however, this 
behavior becomes more erratic at higher silica concentrations (Dodge et 
al., 1982). Hornblende fractionation in the Tuolumne Intrusive Series is 
thought to control the heavy REE (Frey et al., 1978). In the McMurry 
Meadows, however, pluton modal hornblende decreases from 10% to less 
than 2% as silica content increases, while heavy REE are maintained at a 
constant level, suggesting that accessory phases may be dominating 
heavy-REE as well as light-REE abundances here.
Microprobe REE data for sphenes from the McMurry Meadows 
samples of Figure 2 are presented in Figure 3. Sphene crystals are 
progressively zoned, with cores consistently containing higher REE 
abundances than rims. The increase in average sphene light-REE 
concentrations [(REE core + REE rim)/2] with fractionation is more 
marked than that of the whole rock. Sphenes from the granite core of the
Figure 2. Chondrite-norm alized w hole-rock REE plol for M cM urry  
M eadow s pluton showing light-REE enrichm ent with increasing SiOt  
content. Normalizing values are those of Hanson (1980) for all REE 
diagrams.
Figure 3. Chondrite-norm alized REE plot for sphenes from M cM urry  
M eadow s pluton. Solid symbols indicate crystal core concentration; 
open symbols indicate crystal rim concentrations. Plotted concentra­
tions represent averages from four to six crystals per sample in which 
three analyses of both core and rim were performed. Straight-line ex­
trapolation between Ce and Nd was continued to Eu; however, no Eu 
concentration is implied here.
pluton contain about four times the light REE as in the mafic quartz 
monzodiorite border. Sphenes throughout the pluton contain lower 
chondrite-normalized La than Ce. Sphene partition coefficients have a 
Sm/La ratio of about 10 (Green and Pearson, 1983); thus, crystallization 
will increase the light-REE/middle-REE melt ratio. Assuming that the 
sphene partition coefficient for Nd is similar to that of Sm, the quartz 
monzodiorite sphene and the granite sphene must have crystallized from 
melts with different light-REE ratios. The higher chondrite-normalized 
La/Nd in the quartz monzodiorite sphene suggests that it crystallized 
from a melt with a much higher chondrite-normalized La/Nd than that 
of the granite sphene. The granite sphene apparently crystallized from a 
melt with a much lower La/Nd than the quartz monzodiorite sphene. 
Allanite must have crystallized before sphene, thus lowering the melt 
La/Nd, since no other phase could so strongly affect this ratio except 
monazite, which is not present. It should be noted that the sphene REE 
ratios indicate that allanite rather than sphene was first to crystallize 
throughout the granite.
Chondrite-normalized REE patterns for allanite zoning in the gran­
ite are shown in Figure 4. Similar to sphene zoning trends, allanite from 
the most fractionated rock contains the highest total REE concentration. 
Optically distinct, lighter colored allanite rims have consistently lower 
REE concentrations than the darker colored cores. Although the allanite 
from the most fractionated rock contains higher total REE, it has a 
higher La/Nd value, suggesting that this ratio was also higher in the melt 
during crystallization. The coexisting sphene probably did not affect the 
La/Nd in allanite, because this ratio in both of the granite sphenes sug­
gests that allanite crystallized first. The most fractionated granite (68.5% 
S iO i) cannot be a direct differentiate of the outer granite (66.9% S i0 2) 
because this would require sphene fractionation without fractionating al­
lanite that crystallized first there. Evidently, both granites acquired their 
light-REE ratios by differing amounts of early-formed sphene and melt 
separation elsewhere in the magma chamber, probably represented by the 
quartz monzodiorite. The composition of the separated melts, represented 
by the granites, were sufficiently different from the original magma that
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9Figure 4. Chondrite-norm alized REE plot for allanites from inner gran­
ite part of M cM urry Meadows pluton. Solid symbols indicate crystal 
core concentrations; open symbols indicate crystal rim concentra­
tions. Plotted concentrations represent averages from three crystals 
per sample in which three analyses of both core and rim were per­
formed. Straight-line extrapolation between Ce and Nd was continued  
to Eu; however, no Eu concentration is implied here.
sphene was no longer a liquidus phase. Thus, allanite crystallization ap­
parently was able to occur before sphene throughout the granite.
DISCUSSION
In both sphene and allanite, REE are incorporated into the structure 
by nonstoichiometric coupled substitutions for Ca+2, with charge balanc­
ing mainly by A lt3 and Fe+3 (Ribbe, 1980). In the sphenes that we have 
examined, Fe is always the charge-balancing substitution, whereas in al­
lanite, Fe or A1 charge balancing is more complex and is apparently sen­
sitive to both REE and Th substitutions. In allanite, REE substitution 
comprises from 30% to 50% of the Ca (Hasegawa, 1960) but may be 
greater, because a solid solution with epidote is not unreasonable 
(Vlasov, 1966). Sphene, however, may contain as much as 12 wt % (Y, 
Ce)2 0 3 (Ribbe, 1980). The variable REE content of these minerals must 
be a result of partitioning changes. However, because of the more com­
plex substitutions and the higher concentrations in these minerals, Hen­
ry’s law of dilute-solution behavior cannot be assumed.
Fractional crystallization of a granitoid’s major mineral components 
<<1) will inevitably enrich the melt in light REE, until a light- 
REE-rich phase precipitates in sufficient quantity to reverse the trend. 
However, this behavior is complicated by crystal-melt separation, which 
will lead to either light-REE enrichment or depletion in a granitoid dif­
ferentiate. In the McMurry Meadows pluton the inward light-REE en­
richment resulted from early crystal-melt separation, largely before 
accessory-mineral crystallization occurred.
If the partition coefficients for the accessory minerals had remained 
constant, the REE abundances of the minerals would increase directly 
with that of the melt. However, if such an enrichment had taken place 
with a constant partition coefficient, at least some whole-rock enrichment 
would be expected. The nearly constant Nd whole-rock abundance 
(Fig. 2), however, seems to preclude a constant partition coefficient, since 
Nd in sphene exhibits the greatest increase with differentiation. Experi­
mental results thus far indicate that REE partition coefficients of sphene 
are independent of REE concentration for the compositions considered
here (T. H. Green, 1983, personal commun.). The increasing partition 
coefficient of sphene with whole-rock fractionation is thus ascribed to 
changes in the melt composition and the corresponding decrease in the 
ratio of nonbridging oxygens to tetrahedral cations (NBO/T) demon­
strated for many other minerals by Mysen and Virgo (1980). This effect 
is also considered to be responsible for the slight increase of light REE in 
allanite. These whole-rock results are further substantiated by recent 
experimental data that indicate that sphene and allanite light-REE parti­
tion coefficients increase with increasing melt S i0 2 content and decreas­
ing temperature (Green and Pearson, 1983).
In the vertically zoned Tinemaha Granodiorite member of the Pali­
sade Crest suite, whole-rock REE depletion occurs vertically upward, to­
gether with decreasing modal sphene (Sawka, 1981). Analyses of these 
sphenes indicate that the most REE-rich sphenes occur in the REE- 
depleted top of the pluton. This further suggests that the increasing 
light-REE partition coefficients for sphene are a function of melt 
differentiation rather than whole-rock REE concentration.
The REE-depleted rims in all sphene and allanite crystals examined 
indicate that a late-magmatic process greatly reduced partition coeffi­
cients during the final stages of solidification. We suggest that this re­
versal in light-REE partitioning trends results from changes in the melt 
structure due to high F relative to water. Fractional crystallization rapidly 
increases the F concentration going from mafic to felsic rocks (Bateman 
and Chappell, 1979). In the McMurray Meadows pluton, as the whole- 
rock S i0 2 increases from 59.6% to 68.5%, the biotite ratio F:C1 (atomic) 
increases from 4 to 11. A high fluorine content of the late-stage melt is 
supported by higher fluorine concentrations in sphene rims than in the 
cores. Like water, F breaks bridging oxygen bonds (Burnham, 1979) and 
thus increases the NBO/T of the melt. The F bonds with Si are stronger 
than those of water and will distort the aluminosilicate melt framework 
that introduces larger sites, allowing large highly charged cations (REE) 
to more readily remain in the melt. These high coordination sites for 
REE in the melt will be stable in preference to CaF. Thus, as F rapidly 
increases in the melt, CaF complexes become less stable as F and Ca are 
partitioned more strongly into sphene and allanite, which results in the 
lower REE partition coefficients at this stage.
More mafic rocks from the suite (mafic inclusion, 52% S i0 2, and 
appinite, 48% S i0 2) which would be expected to have relatively low F 
contents do not contain sphenes with REE-depleted rims. These unzoned 
mafic-rock sphenes argue against the REE-depleted rims found in the 
granitoid sphene and allanite being due to simple growth from a REE- 
depleted interstitial melt. It is doubtful that a late-stage alteration process 
could have caused the lower REE content in the sphene and allanite 
rims, because these rims are enriched in uranium and thorium (respec­
tively) relative to the core concentrations.
Mahood and Hildreth (1983) have suggested that the variability 
of REE partition coefficients in high-silica rhyolites are due to melt- 
structure differences caused by dissimilar volatile concentrations. Our 
results for late-stage volatile distortion of the silicate melt structure 
lowering REE partition coefficients are supportive of those from the 
rhyolite eruptive systems. Thus, differentiation of a silicate melt will tend 
to increase mineral/melt REE partition coefficients due to the decreasing 
ratio of nonbridging oxygens to tetrahedral cations (NBO/T). However, 
this trend could be reversed if sufficient volatiles are concentrated in the 
melt by differentiation to increase the melt NBO/T, thus decreasing REE 
partition coefficients of minerals. It is evident from the results presented 
here that crystal-melt partitioning changes due to melt-structure effects 
are not limited only to high-silica systems. If trace-element partitioning 
variability is incorporated into modeling, it may be possible to explain 
some complex petrologic problems, which previously required exotic 
mechanisms, by simple crystal-fractionation processes (see Michael,
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1983). It is apparent that trace-element modeling of intermediate plu- 
tonic rocks must also take into account intrasuite crystal-melt partitioning 
variability.
C O N C LU S IO N S
The significance of the REE results may be summarized as follows:
(1) Enrichment or depletion of light REE in calc-alkalic granitoids is 
largely controlled by the liquidus accessory and/or restite accessory 
phases present during separation of crystal from melt. In general, light- 
REE enrichment results from crystal-melt separation prior to crystalliza­
tion of accessory phases, while light-REE depletion with whole-rock 
fractionation occurs at a later stage, after accessory phases have begun 
crystallizing. (2) Changes in the melt structure that occur during frac­
tional crystallization increase crystal-melt partition coefficients for sphene 
and allanite. The increase in partition coefficients is a result of decreasing 
NBO/T  in the evolving melt. (3) During the final stages of solidification, 
the melt may become sufficiently F rich to both increase the melt 
N'BO/T and form complexes with REE, thereby decreasing sphene and 
allanite partition coefficients.
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3.0 ABSTRACT
Two compositionally zoned plutons from the Sierra Nevada 
batholith, California, have been examined in order to determine the 
mechanism by which crystals separate from a magma. The Tinemaha 
pluton has a continuous compositional variation from 58% to 67$ 
SiO^, while the McMurry Meadows pluton is bi-modal with an outer 
margin of mafic granodiorite (59$-60% Si02) and an inner core of 
granite (66%—69% SiO^). Extreme differentiates also occur within 
the suite, as small isolated masses, and may contain up to 76$ SiO^. 
Both plutons are isotopically homogeneous with initial 87/86 Sr of 
0.70719 and 0.70651 respectively. The Tinemaha pluton exhibits a 
linear Rb-Sr variation trend indicative of inefficient unmixing of 
earlier-formed crystals and melt. In contrast, the McMurry Meadows 
pluton has a curved Rb-Sr variation trend indicative of Rayleigh-type 
fractional crystallization, which requires very effective separation 
of early formed crystals and evolving melt. Contrasting fractionation 
trends for Zr between the plutons indicate that zircon was saturated 
throughout differentiation of the Tinemaha magma while zircon 
saturation occurred only after differentiation of the McMurry Meadows 
magma had begun. The differences in zircon saturation behavior is 
attributed to the Tinemaha magma initially containing a higher ratio 
of suspended crystals, including zircon, to melt than the McMurry 
Meadows magma. The Tinemaha pluton is both horizontally and 
vertically (A/I000m) zoned with fractionation occurring both inward 
from contacts and upward. The vertical trends in relative mineral
13
percentages are not consistent of crystal settling. The vertical and 
horizontal whole rock variations in chemistry (50 elements), 
mineralogy, and accessory mineral LREE zoning, are all directly 
relatable to side-wall crystallization (and accumulation) which 
created a less dense melt (boundary layer) that buoyantly moved upward 
along the sidewall toward the magma chamber top. The different rates 
for diffusive heat exchange and compositional diffusion within the 
magma initiated the double-diffusive gradient in the magma chamber. A 
portion of the side wall "feeder zone” solidified in place before 
completing its buoyant rise upward. This feeder zone is gradational 
within the pluton and exhibits chemical features found elsewhere only 
in the top of the pluton some 900 metres higher.
The compositional gap in the McMurry Meadows pluton results from 
a similar though more efficient, side-wall fractionation process, 
related to a relatively higher proportion of melt to crystals in the 
initial magma and slower side-wall solidification due to the enclosing 
Tinemaha pluton creating a thermal blanket.
3.1 INTRODUCTION
The Palisade Crest plutonic suite is situated along the eastern 
edge of the central Sierra Nevada batholith (Figure 3.1). This study 
of zoning in the suite was undertaken specifically to develop a 
mechanism for crystal fractionation in Sierra Nevada plutons. Two 
previous examinations of plutonic zoning (Bateman and Chappell, 1979;
13a
Figure 3.1A. Simplified geologic map of the Palisade Crest intrusive 
suite modified after Bateman, (1965).

13b
Figure 3-1B. Sample location map of the Palisade Crest intrusive 
suite.
Figure 3.1C. Cross-sections show representative topographic relief 
utilized for vertical sampling. Solid dots are vertical zoning sample 
locations (and projections). Jt = Tinemaha pluton, Jm = McMurry 
Meadows pluton (granodiorite), Jmp = McMurry Meadows pluton (granite), 
J1 - leucogranite and unlabeled = other granite. Dashed lines 
represent actual and inferred orientations of plutonic foliation where 
well developed. Dotted pattern indicates the actual and inferred 
location of granitoids within the Tinemaha pluton containing more than 
64% silica. Vertical scale = horizontal scale on all sections.
13c
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Bateman and Nokleberg, 1978) have indicated that either: (1) 
preferential marginal accretion of crystal with progressive inward 
displacement of melt or (2) downward gravity settling with upward 
melt-volatile movement (or filter pressing) are mechanisms capable of 
explaining geochemical and mineralogical trends. Zoning models 
involving contamination and assimilation (Compton, 1955; Reesor, 
1958), are generally not acceptable for the Sierra Nevada batholith 
because evidence of contamination is minimal.
The importance of developing a crystal fractionation-zoning 
mechanism stems from the concept of a comagmatic plutonic suite 
(Bateman and Dodge, 1970). The essence of the problem is as follows: 
how do rocks derived from a single fusion event segregate into 
texturally and compositionally distinct plutons. This is not to 
suggest that all comagmatic plutonic suites represent differentiates 
of a single originally homogeneous magma. At least some granitoid 
source regions are undoubtedly heterogeneous (Domenick et al., 1983). 
Thus, a single fusion event might partially melt a variety of source 
rocks to produce a varying plutonic suite since magmas generated at 
the same time do not necessarily mix and so may be emplaced 
concentrically as separate plutons. Initial strontium isotope ratios 
indicate that two magmas are present in the Palisade Crest suite. 
Each of these magmas has fractionated through a 10-15% whole rock 
silica range. The Tuolumne Intrusive Series (Bateman and Chappell, 
1979) is the most firmly established comagmatic plutonic suite in the 
Sierra Nevada. However, initial strontium determinations (Kistler et
15
al., 1984) indicate that three isotopically distinct magmas are 
present. Comagmatic plutonic suites have been recognized world-wide, 
(White and Chappell, 1983; Pitcher, 1979) and application of 
fractionation mechanisms, developed here, may find widespread 
application.
The Palisade Crest suite was selected for study in spite of 
difficult access because: (1) it is well exposed vertically; (2) the 
horizontal mineral foliations are suggestive of the pluton's roof zone 
and; (3) it is an established plutonic suite (Bateman and Dodge, 
1970). In the following discussion, field relationships, mineralogy 
and geochemistry will be used to support a general crystal 
fractionation model for Palisade Crest plutons. The model developed 
here argues that crystallization at a nearly vertical sidewall 
produces a less dense boundary layer magma, which rises upward and 
away from the initial crystallization site. Although, the 
experimentally demonstrated model appears to viable and probably is 
applicable to granitoid magma chambers (Turner, 1980; Turner and 
Gustafson, 1981; McBirney, 1980), few natural granitoid pluton 
analogies have yet been documented (Wyborn, 1983)-
3.2 GEOLOGIC SETTING
The Palisade Crest suite (Figure 3*1) consists essentially of two 
plutons, the Tinemaha Granodiorite and the McMurry Meadows 
Granodiorite. The total outcrop area of the suite examined here is
16
approximately 180 km^. However, the total suite is probably much 
larger, including the Santa Rita Flat pluton, the Woods Lake pluton 
(Moore, 1963) and part of the Inyo Range west of Independence 
(Bateman, 1965; Bateman pers. comm., 1983).
The suite and the surrounding rocks were originally mapped by 
Bateman (1965) who showed that it is mostly surrounded by younger 
intrusive rocks, except in the south and west where thin 
metasedimentary septa occur (Figure 3.1). All exposed contacts with 
country rocks are sub-vertical. Layered hornblende diorites 
(appinites) occur in the center of the McMurry Meadows pluton, but are 
apparently younger based on zircon dating (T. Frost, pers. comm., 
1983), and not thought to be directly related to the suite.
The relative ages of the plutons are indicated by small McMurry 
Meadows felsic differentiates (leucogranites) that intrude the 
Tinemaha pluton. This age pattern is in agreement with the general 
observation in the Sierra Nevada batholith, that progressively younger 
plutons are usually emplaced toward the centre of a suite (Bateman, 
1981). All intrusive contacts are sharp, with no marked alteration or 
assimilation apparent in the field.
3.3 STRUCTURE OF THE GRANITOIDS
The foliation pattern of the Palisade Crest suite is shown in 
Figure 3.1. The structural pattern in the western Tinemaha
17
Granodiorite mass is a well-defined foliation arch. Foliations 
throughout the suite are parallel to contacts. Foliation in the 
McMurry Meadows pluton is less pronounced, but is generally steeply 
dipping in the equigranular outer margin, and massive or gently 
dipping (at one location) in the porphyritic core. Mafic inclusions 
are abundant in both plutons, but are less abundant and smaller within 
the equigranular margin of the McMurry Meadows pluton. Mafic 
inclusions are blocky to angular and evenly distributed throughout 
most of the Tinemaha Granodiorite and are only flattened into disk 
shapes near contacts. At the contact with the McMurry Meadows pluton, 
both rounded and flattened inclusions occur within the Tinemaha 
pluton. Within the Tinemaha pluton, mafic inclusions were not found 
to visibly decrease in abundance upward in the pluton, nor to change 
shape. In contrast, mafic inclusions are both more abundant and 
larger within the porphyritic core of the McMurry Meadows pluton, 
although they decrease, or increase, in abundance coreward within this 
facies. Nowhere in the McMurry Meadows pluton do the mafic inclusions 
become particularly flattened, and they are generally blocky or 
rounded in outline. These relationships are in marked contrast to 
steeply foliated plutons elsewhere in the batholith, which tend to 
have concentrations of flattened mafic inclusions along their margins 
(Bateman, 1981). We suggest that the foliation pattern and the mafic 
inclusion distribution results largely from the close proximity of the 
pluton's roof. The mafic inclusions of both plutons exhibit no 
reaction rims with the enclosing granitoid.
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The term "schlieren" is used here to describe layers of fine 
grained mafic minerals which grade into coarse grained felsic minerals 
before repeating the sequence. These schlieren have been best 
explained by flowage differentiation of magma along a solid interface 
(Bhattacharji and Smith, 1964). Such flow sorted schlieren may 
include up to thirty layers, although less than ten is more common. 
Steeply dipping schlieren, cross-cutting the steep primary granitoid 
foliation at low angles, occur in the outer margins of the Tinemaha 
pluton and the porphyritic McMurry Meadows pluton. These steeply 
dipping schlieren from the pluton margins may exhibit scour and fill 
structures with brecciated granitoid inclusions (Plate 3*1).
In contrast, horizontally oriented schlieren have only been found 
within the interior of the Tinemaha pluton. These schlieren seldom 
contain more than three layer repetitions. Horizontal schlieren are 
parallel to the flat primary foliation of the granitoid and appear to 
have formed contemporaneously (Plate 3*2).
In the Tinemaha pluton, leucogranite differentiates occur mainly 
as sills or sheets having sharp contacts with the host. These 
leucogranite sills tend to be parallel to the host Tinemaha pluton's 
horizontal foliation indicating a structural control by the foliation 
on or during emplacement (Plate 3»3). Leucogranite differentiates of 
the McMurry Meadows pluton intrude the Tinemaha pluton in a few 
locations both as dikes and small irregular masses. Unique to the 
central portion of the McMurry Meadows pluton is a layered

18a
Plate 3.1. Flow sorted schlieren layers contain angular mafic 
granitoid inclusions. Pocket knife indicates the scale. 
Location is in the outer portion of the McMurry Meadows pluton 
withing the porphyritic granite facies.
Plate 3*2. Horizontal flow sorted schlieren layers in the 
eastern portion of the Tiftemaha pluton. The leucocratic 
segregation is approximately 2 cm thick.
I
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Plate 3.2


Plate 3*3. View looking east towards the Owens Valley from the 
Sierra Nevada crest showing leucogranite sill, in the middle 
distance on the right. The leucograntie sill is approximately 50 
metres thick.
Plate 3*4. Layered leucogranite from the central portion of the 
McMurry Meadows pluton. The ruler at the top of the photo is 3 
cm wide.
18d
Plate 3.3
Plate 3.4
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leucogranite (Plate 3.4), which contains scour and fill structures. 
The coarse and fine grained leucogranite (microgranite) layers vary in 
width from approximately 1 to 80 cm and even the thinnest 
coarse-grained layers may be continuous length-wise for many metres. 
The contact between layers is completely gradational over varying 
widths. These features suggest that the layering developed due to 
movement and segregation of suspended phenocrysts and melt into a 
layered flow regime of similar shear stresses. Such a process would 
be like the flowage differentiation described by Battacharji and Smith 
(1964) except that no solid (wall)-liquid interface was initially 
present.
3.4 ANALYTICAL METHODS
Samples were collected along the traverse line A-A" segment 
conducted at a constant elevation of 3,320 metres (Figure 3.1A). 
Additional Tinemaha Granodiorite samples were also collected north and 
south from the equal elevation traverse, by ascending several peaks up 
to an elevation of 4,205 metres. This sampling was used to study 
vertical compositional changes and was concentrated in the Birch Creek 
cirque, where Birch Mountain provides the most continuous topographic 
relief of 900 metres. In all, 40 granitoid samples were collected for 
chemical analysis, as well as some additional samples for petrographic 
examination. Modes were determined on stained slabs (Norman, 1974)
p
with an average area of at least 100 cm , by counting 1000 equally 
spaced points. The modal abundances of mafic silicates and accessory
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minerals was determined by point counting at least two thin-sections 
and apportioning to the total mafics determined on the slab.
Typical sample size crushed for analysis was 3-5kg. All samples 
were first crushed in a tungsten carbide hydraulic press and then 
pulverized in a tungsten carbide shatter box, thus minimizing any iron 
and trace metal contamination. All major and trace elements (except 
Na determined by flame photometry, Fe+^ by titration, and H^O and 
C02 by gravimetric methods) were determined by X-ray spectrometry 
using the methods described by Norrish and Chappell (1977). Reported 
major element values are averages of three analyses while trace 
element values are averages of two analyses.
Instrumental neutron activation analyses of whole rocks were
determined using a modified technique similar to that of Jacobs et al.
(1977). Samples of about 350 mg were irradiated in a thermal neutron 
12 2 1flux of 4 x 10 n cm” sec“ for 24 hours. Over a period of 
four days to six months, six counts were performed to obtain the full 
analyses. Accuracy of these analyses are estimated to be generally 
better than 5/6. Reported values are averages from two separate 
irradiations of duplicate samples.
Strontium isotope geochemistry was conducted at the U.S. 
Geological Survey at Menlo Park, California. Data were generated on a 
MAT261, double collector, fully automated mass spectrometer. The 
precision of the analyses averages about±0.00004, apparently better
21
than reproducibility possible on different splits of the whole rock 
powders.
3.5 PETROGRAPHY
Modal mineral abundances of representative samples from the 
Palisade Crest Suite are given in Table 3.1.
3.5.1 THE TINEMAHA PLUTON
The Tinemaha Granodiorite ranges in composition from quartz 
monzodiorite to granite as shown in Figure 3.2A. Fine grained 
2mm), equigranular, augite bearing, quartz monzodiorite occurs along 
the pluton's outer margin and grades inward to porphyritic ('vlcm) 
quartz monzodiorite and granodiorite (granite at higher elevations). 
Variations in the modes across the pluton are shown in Figure 3.3*
In the marginal equigranular facies, biotite is the most abundant 
mafic phase and is typically subhedral as interlocking mats. Augite 
has reaction overgrowths of hornblende. Plagioclase is euhedral to 
subhedral and normally zoned from A n ^  to An^. Perthitic 
K-feldspars and quartz are interstitial. Sphene occurs as anhedral 
groundmass crystals and as overgrowths on magnetite. Secondary sphene 
in biotite is common. Apatite and zircon crystals usually occur in or 
near magnetite. Uniformly dark brown subhedral allanite is a rare
Table 3.1. Representative modal compositions of selected 
Palisade Crest Suite rocks.
Pluton L e u c o g r a n i t e  Mat ic  Inclusif
S a a p 1e No. PAL 3 32 55 56 57 58 61 63 65 70 8 53 69
T IN E X A H A  SUITE
(>jartz 6.0 13.0 20.0 22.8 14 . 1 21 . 6 13.6 15. 1 13.2 18. 1 22.7 trace 3 . 2
K- f e l d s p a r 7.9 19.9 9.9 25.2 16.8 29 . 2 20.2 21 . 2 17.7 23.9 36.3 trace 8 . 0
P l a g i o c l a s e 63.4 42.2 47.9 38.4 46.3 35.5 41 .9 42.3 42 . 4 39.7 31.4 48. 0 48 . 8
H o r n b l e n d e 3 . 5 11.7 11.0 6.7 14.7 7.2 16.4 11.8 3.9 4.8 2.2 30.4 28 . 8
Biotite 15.2 10.3 7.9 4.9 5.2 4.8 4.5 6.4 14 .0 9.9 6.0 19.0 9. 1
Aug i te 0.9 trace - - - - - 0 . 5 5. 1 1 . 8 - 0.7 t race
Opaq ue s 2 . 2 1 .6 1 . 5 1 .3 1.4 1.0 1 .4 1 . 5 2.7 1.3 0.8 1.1 1 .0
Sphene 0 . 2 1 . 2 1 .3 0.4 1 . 2 0.4 1 . 1 0.8 0.6 0.4 0.4 0.7 0.9
A p a t 1 te 0.7 0 . 1 0.5 0.3 0.3 0.3 0.6 0.4 0.4 0 . 1 0.2 0.1 0. 1
T OTAL 100.0 100.0 100.0 100.0 100.0 100.0 99.7 100.0 100.0 100.0 100.0 100.0 99 .9
M c M U R R Y  M EA D O W S  SUITE
P luton La y e r e d  L e u c o g r a n i t e
L e u c o g r a n Ite
Sa«p le  No. PAL 2 21 22 25 27 30 6 7 72
Q uar t z 28.5 6.8 22.6 7.4 23.9 6.6 28.0 12.6 31 .9
K - f e l d s p a r 31 .3 17.7 27 .4 13.8 35.8 10.5 35.7 35.8 38.5
P l a g i o c l a s e 29.6 50.4 36.9 49.6 29.8 51.9 2 5.3 33.6 27 . 5
H o r n b l e n d e 1 . 5 10.8 2.0 10.6 1.6 11.4 - - -
Blot 1 te 7 . 1 12.8 9.5 17.0 7.6 17. 1 10.0 16.7 1 .4
Augi te 0.3 0.2 - 0.3 - 0.2 - - -
O pa qu es 1.2 0.7 1 . 1 0.6 0.6 1.6 0 . 6 0.7 0.5
S phene 0.4 0.3 0.5 0.5 0.3 0.4 0.3 0.3 trace
A p a t 1 te trace trace trace 0.2 0 . 2 0 . 4 trace trace t race
TOTAL 99.9 99.7 100.0 100.0 99 . 8 100. 1 99.9 99.7 9 9.8
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Figure 3.2A. Normalized quartz, plagioclase K-feldspar diagram for 
the Tinemaha pluton and related rocks. Modes are from stain slab 
point counts. Rock type fields are after Streckeisen, 1976.
Figure 3.2B. Normalized quartz, plagioclase, K-feldspar diagram for 
the McMurry Meadows pluton and related rocks.
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Figure 3.3. Modal mineral variation horizontally accross the Palisade 
Crest suite, along traverse A-A" (Fig. 1B). Jt = Tinemaha pluton and 
Jm = McMurray Meadows pluton.
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accessory throughout the pluton. Sparse pleochroic halos in biotite 
result from yellow thorite inclusions.
The Tinemaha porphyritic quartz monzodiorite (granite; 
granodiorite) contains euhedral hornblende crystals that are always 
more abundant than biotite. A systematic variation in mineralogy 
occurs upward, in the central portion of the pluton, toward more 
felsic compositions; modal trends are show in Figure 3.4. Perthitic 
K-feldspar phenocrysts are up to 2 cm long and include all other 
phases. Plagioclase forms euhedral zoned crystals often with distinct 
irregular cores near A n ^ ,  and outer rims averaging about An^^. 
Augite is absent except near the contact with the McMurry Meadows 
pluton, where it forms cores in a few hornblende crystals.
Biotite has grown at the expense of hornblende throughout the 
pluton's interior. This alteration of hornblende to biotite becomes 
more pronounced at higher elevations where complete pseudomorphs are 
sometimes preserved. Even in cases where the pseudomorphic shape is 
not preserved, the mineral assemblage is distinct, containing 
interlocking mats of biotite with minor sphene, K-feldspar and quartz. 
These assemblages are normally connected to K-feldspar crystals or 
cross-cutting microveinlets of K-feldspar and biotite. Magnetite and 
euhedral sphene are the most abundant accessory phases. Apatite is 
present either as blocky equant euhedra or as smaller acicular 
crystals. Uniformly dark brown allanite is present as small anhedral 
crystals that are sometimes included in sphene and hornblende.
EL
EV
. 
ME
TR
ES
 
EL
EV
. 
ME
TR
ES
 
EL
EV
. 
M
E
T
R
E
S
22a
4000
3800
3600
3400
- D  □
n
.
o0°
□ - o
□ □ - o o□ - o
- □ %  □ C o  § o
— □ o
- □ “ <0
T i n e m a h a P 1u t o n
"
i l i i i l i i l—i—
□
, i , , i , , 1 1
o
1 1 1 1 X._ 1-1--1--L 1 1 1 1 1 _1—
32 36 40 44
% PIag i oc 1 as©
16 20 24 28
% K-feldspar
% Quart: % Mafles
/  Hornblende % Biotite
Figure 3-4. Modal mineral variation with elevation in the central 
portion of the Tinemaha pluton.
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Subhedral allanite is present in the upper part of the pluton and may 
be intergrown with K-feldspar. Zircon is normally euhedral and may be 
present as inclusions in nearly all other phases. Pleochroic haloes 
in biotite and hornblende are caused by minute thorite inclusions.
Leucogranite differentiates are equigranular and texturally 
similar to the Tinemaha Granodiorite. Hornblende contained in these 
leucogranites is typically surrounded by a fine grained biotite 
reaction rim, though pseudomorphic replacement is rare. Subhedral 
allanite is somewhat more abundant in these leucogranite fractionates.
Mafic inclusions in the Tinemaha pluton vary in appearance, 
largely due to variation in the abundance of plagioclase phenocrysts 
( 2 mm), but all are compositionally similar (Figure 3.2A). There is 
little mineralogic variation between the mafic inclusions and all 
contain megacrysts of plagioclase, biotite, hornblende and sphene set 
in a equigranular groundmass of the same minerals plus minor quartz 
and K-feldspar. Some hornblende phenocrysts (1 mm) contain cores of 
augite. Subhedral phenocrysts (0.2mm) of sphene are often included in 
hornblende phenocrysts, but are themselves generally inclusion free. 
Groundmass sphenes may approach the size of megacrysts, but these 
crystals poikilitically enclose groundmass placioclase. Plagioclase 
is the largest and most abundant phenocryst phase and these usually 
contain large unzoned cores, which have rounded corners defined by 
inclusions. Megacryst rims are strongly zoned and correspond to the 
range in groundmass plagioclase zoning. Some groundmass plagioclase
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crystals exhibit uniform cores similar to those common in the
megacrysts, but most crystals are continuously zoned from core to rim.
Thin needles of apatite occur throughout the groundmass and also
occurs as larger blocky euhedra included in the larger crystals, 
mainly biotite.
3.5.2 THE MCMURRY MEADOWS PLUTON
The McMurry Meadows pluton is bi-modal in composition (Figure 
3.2B), with an equigranular quartz monzodiorite rim and a core of 
porphyritic granite. Modal variations across the McMurry Meadows 
pluton are presented in Figure 3.3. The grainsize of the equigranular 
quartz monzodiorite averages about 4 mm, with plagioclase forming the 
largest crystals. The plagioclase crystals contain relic uniform 
cores of up to An^ ,_ and outer rims averaging An^^. Augite occurs 
as cores in some hornblende crystals, which are subhedral to euhedral. 
The most abundant mafic phase, biotite, is subhedral to euhedral and 
contains secondary sphene growths. Perthitic K-feldspar and quartz 
are interstitial. Zircon is common as small crystals, while thorite 
is also present but sparce. Allanite is generally absent, but when 
present occurs as interstitial small ^  1 mm, anhedral and unzoned 
crystals. Sphene'is common and is interstitial.
The McMurry Meadows porphyritic granite contains perthitic 
K-feldspar phenocrysts up to 1.4 cm long, while interstitial crystals 
are much less abundant. Hornblende is euhedral to subhedral and may
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contain cores of augite. Hornblende crystals may be pseudomorphically
replaced by biotite, K-feldspar and sphene, similar to the occurrence
in the Tinemaha pluton. Euhedral to subhedral biotite contains
secondary sphene and sometimes minor chlorite alteration. Sphene and
zoned brown allanite form subhedral to euhedral crystals (Sawka and
others, 1984). Allanite may show complex intergrowths with biotite
and unzoned crystals are sometimes included in hornblende.
Plagioclase core compositions are similar to those in the quartz
monzodiorite although rim compositions frequently reach An •\d 7
altered and rounded cores are fairly common. Zircon, apatite, thorite 
and magnetite are also present as accessory phases. Additional 
details of the mineralogy of the plutons may be found in Dodge and 
others (1968, 1969 and 1982).
The leucogranite differentiates of the McMurry Meadows pluton 
that intrude the Tinemaha pluton generally have equigranular textures.
These leucogranites contain the same minerals as the McMurry Meadows
porphyritic granite except that hornblende is completely absent and
allanite is more abundant than sphene, which is rare. Allanite is
typically uniform dark brown in color and euhedral. Biotite
aggregates containing minor sphene and K-feldspar occur as 
pseudomorphs after hornblende.
The interlayered granite-microgranite from the core of the 
McMurry Meadows pluton exhibits completely gradational transitions 
between layers, Figure 3*5. The granite layers contain phenocrysts of
25a
Figure 3-5. Drawing illustrating the texture of the layered
leucogranite (Pal 6, 7). Note the gradational transition between
coarse grained and fine grained layers. Drawing is from a tracing of 
an actual stained slab.
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K-feldspar set in an equigranular matrix. Biotite is the dominant 
mafic phase. Hornblende is absent and sphene is more abundant than 
the uniformly brown allanite crystals. The microgranite layers 
consist of the same minerals as the granite layers, except these are 
finer grained. The microgranite often contains phenocrysts apparently 
included from the granite layers.
3.6 CRYSTALLIZATION CONDITIONS
Dodge (1972) found that the biotite and hornblende ratios of 
ferric to total iron shows little compositional change with whole rock 
oxidation ratios [mol (2Fe20 3 x 100)/Fe203 + FeO)] above about 
20. Whole rock oxidation ratios for the Palisade suite are among the 
highest in the batholith at between ^ 3 0  and 60 and generally increase 
with increasing rock differentiation index.
Dodge and others (1969) determined biotite compositions of
mineral separates from the Palisade Crest suite. Using the biotite
composition model developed by Wones and Eugster (1965), biotites from
-13the Palisade Crest define oxygen fugacities of about 10 to
-14 o
10 bars at 800 C with 2070 bars total pressure. The presence
of euhedral to subhedral hornblende throughout most of the Palisade
Crest plutons indicates that the magma reached X w a ^ r=0.3 ( ^ 3 %m e l t
H^O) relatively early in solidification (Burnham, 1979). However, 
euhedral biotite inclusions within hornblende indicate that the magma
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water content was lower than this initially and was increased by the 
crystallization of anhydrous phases.
3.7 ISOTOPE GEOLOGY
Whole-rock Rb-Sr isochrons for the Palisade Crest suite are 
presented in Figure 3.6 and data listed in Table 3.2. The Tinemaha 
Granodiorite yields an isochron age of 169 8 Ma. Both the quartz 
monzodiorite and the granite components of the McMurry Meadows pluton 
yield a single isochron with an age of 171 ± 2 Ma. The Tinemaha 
pluton is known to be older than the McMurry Meadows pluton from 
intrusive relations, but this is well within the error limits of 
dating. Since the McMurry Meadows pluton age is more precise, the 
true age of the Tinemaha Granodiorite is probably somewhat older than 
171 Ma. The Tinemaha Granodiorite has previously yielded a zircon age 
of 155 Ma (Stern et al., 1982) however the age is discordant, 
apparently due to recent lead loss. Hornblende K-Ar maximum ages of 
the Tinemaha Granodiorite are 174, 184 and 187 Ma (Kistler et al., 
1965) which are in better agreement with the Sr isochron age. The 
greater than 180 Ma hornblende ages may be the result of excess Ar in 
these samples. Previously, the Inconsolable Granodiorite has been 
considered to be the oldest pluton of the Palisade Crest Suite 
(Bateman and Dodge, 1970; Stern et al., 1982). However, the 
Inconsolable Granodiorite has yielded a much younger Sr isochron age 
of 102 Ma, and can no longer be considered as part of the Palisade 
Crest Suite.
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Figure 3.6A. Whole-rock isochron diagram for the Tinemaha pluton, 
mafic inclusions and leucogranite differentiate.
Figure 3-6B. Whole-rock isochron diagram for the McMurry Meadows 
pluton and leucogranite and layered leucogranite.
Table 3*2. Representative Sr isotope compositions of selected 
Palisade Crest Suite samples.
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Sample No. Rb Sr Rb/Sr 87Rb/86Rb 87Sr/86Sr
TINEMAHA PLUTON
PAL 3 66 757 0.087 0.252 0.70666^1
5 127 581 0. 219 0.634 0.70863jKL
5* 127 576 0.220 0.637 0.70867
8 187 394 0.475 1.37 0.71065+2
51 99 683 0.145 0.420 0.70815+2
53** 108 822 0. 131 0.380 0.70812^2
55 67 678 0.099 0.287 0.70806+4
55* 67.3 665 0. 101 0.292 0.70803
56 116 583 0.199 0.576 0.70856_+l
57 101 699 0. 144 0.417 0.70814+_1
58 131 549 0.239 0.692 0.70876+1
61 111 741 0.149 0.431 0.70818+2
63 95 688 0.138 0.400 0.70819+2
65 106 670 0.158 0.458 0.70836+2
67 104 655 0.158 0.457 0.70827^1
70 127 559 0.227 0.656 0.70881+2
70* 128.4 556 0.231 0.668 0.70884
McMURRY MEADOWS PLUTON
2 179 288 0.622 1.80 0.71094+2
6 245 217 1 .13 3.27 0.71436+2
7 209 254 0.823 2 .38 0.71217+3
21 95 440 0.216 0.625 0.70801+3
22 144 338 0.426 1.23 0.70960+2
30 86 493 0. 174 0.505 0.70773+4
72 200 138 1 .45 4.2 0.71683+3
* = Isotope dilution determination
** = Mafic inclusion sample
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The initial strontium 87/86 ratios of the Tinemaha Granodiorite 
(0.70719) and the McMurry Meadows pluton (0.70651), suggest that the 
magmas were derived from Precambrian source materials (Kistler, 1983) - 
The isotope ratios of the two plutons show that these magmas were not 
derived from the same source material. However, the nearly identical 
intrusive ages and similar major element compositions of the plutons 
(Bateman and Dodge, 1970) argues for magma derivation during the same 
fusion event from similar but distinct source materials. The 
heterogeneous composition of both the upper mantle and lower crust 
beneath the Sierra Nevada batholith is evident from recent 
trachyandesite xenolith investigations (Brooks and others, 1980; 
Domenick and others, 19 8 3)-
3.8 MINERAL CHEMISTRY
Mineral major element compositions were determined with an energy 
dispersive electron microprobe at the Research School of Earth 
Sciences, ANU by the method of Reed and Ware (1975). Rare-earth 
elements and U, Th, Mn, F, Cl and S analyses were determined with a 
Cambridge Instruments electron microprobe at the CSIRO Division of 
Soil in Adelaide. Heavy trace elements were determined at operating 
conditions of 25 kV accelerating potential and 200 nA sample current 
with a slightly defocused beam of approximately 5y^ ni. Light trace 
elements were determined at operating conditions of 20 kV accelerating 
potential and 25 nA sample current. Standards included the glasses of 
Drake and Weill (1972), Durango apatite and pure oxides. Reported
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concentrations are averages from two or three individual crystals on 
which three analyses of core and rim were performed. Minimum reported 
light REE concentrations are at least 30% above the 3(j~ detection 
limit while minimum heavy REE concentrations approach the 2 <3- 
detection limit. Reported light trace element values are all above 
the 3 <3- detection limit. The microprobe analyses compare favorably 
with mineral separates of sphene analysed by INAA.
3.9 MINERAL COMPOSITIONS
Accessory mineral trace element compositions were examined to 
determine zoning characteristics and to constrain the mechanisms 
producing the whole rock trace element variations. These microprobe 
results have provided the framework for a comprehensive examination of 
accessory mineral REE geochemistry in the Palisade Crest Suite, 
utilizing some thirty mineral separates currently in progress.
3.9.1 SPHENE
Compositional data for representative primary sphenes are 
presented in Table 3.3A. Additional compositional data for late-stage 
alteration sphene may be found elsewhere (Sawka and Chappell, in 
press). Figure 3.7A is a chondrite normalized plot of core-rim zoning 
in sphenes from the Tinemaha pluton. Sphene contained in the mafic 
inclusion (PAL69) exhibit little LREE core-rim variation, however, the

29a
Figure 3.7. Chondrite normalized core-rim REE zoning in sphenes from 
the Palisade Crest suite. A - Triangles = mafic mrgin of pluton, 
sample PAL3, boxes = sample PAL63, X = sample PAL61 and circles = 
mafic inclusion sample PAL69. B - Circles = sample PAL30 mafic margin 
of pluton, triangles = sample PAL2 granite core of pluton. Open 
symbols are rime compositions and solid symbols are core compositions 
or as indicated in figure.
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Table 3«3A. Representative microprobe core-rim compositional 
core-rim zoning in sphene from the Palisade Crest Suite.
Pluton Mafi c in c lu si on  Pluton
S a » p 1e So. PAL 3 61 63 69 2 22 30
Core R i ■ Core Rim Core Rim Core Rim Core Ria Core Rim Core
TI NEMAHA SUITE M c M U R R Y  M EA D O W S SUITE
S i 0 2 30 .72 30 .70 29 .68 30 .22 30 .43 30. 49 30 . 38 30. 72 30 .05 30. 30 30 .10 30 .54 29 . 92
Ti 02 35 . 23 35 .15 33. 15 35 .31 35 .42 36 .46 36 .76 35. 57 35. 85 35 .87 33. 13 33 .68 36 . 20
A l 2°3 1 .61 1 .65 1 .43 0 .91 1 .34 0 .97 0 .91 1 .54 1 .55 1 .53 1 .54 1 .37 1 . 18
F e 0 .ot
1 .51 1 .44 1 .85 0 .95 1 .63 1 .30 1 . 14 1 .48 2 .13 1 .90 1 .99 1 .61 1 .40
CaO 28 . 38 28 .30 27 .86 29 .27 27 .83 27 .77 28 . 16 28. 07 27. 60 28. 51 27 .77 29. 08 29 . 12
MnO 13 0. 23 0. 13 0 0 10 0I 0,,08 0. 08 0 .31 0 .14 nd
L a o0„ 
2 3
0 . 22 0. 13 0.,31 0. 15 0 ,36 0. 25 0 .21 0. 23 0,, 24 0 18 0 . 27 0 . 17 0 . 09
C e 2°3
0 . 60 0 .35 1 ., 17 0. 34 1 . 17 0 .82 0 .63 0. 63 1 ,. 12 0 .81 1 . 19 0,. 66 0 . 28
N d 2°3
0 . 30 0. 14 0 .79 0. 12 0 .72 0. 30 0 . 26 0. 25 0 . 88 0 .51 0 . 86 0 . 28 0 . 10
D y 2°3
0 . 08 0. 06 0 . 13 0 .04 0 .09 0. 05 0 .04 0 .05 0 . 19 0 . 11 0 . 15 0 . 05
Y b 2°3
nd nd 0 .05 nd 0 . 05 nd nd nd 0 .04 0 . 04 0 . 03 0 . 03 nd
T h 0 2 <0 . 04 <0 .04 0 . 12 0. 10 0 .09 0. 09 0 .07 0. 06 0 . 05 0 .07 0 . 07 0 . 04 0 10
u o 2 <0 .0 <0 .03 <0 . 03 0. 04 <0 . 03 0 .03 <0 . 03 <0 .03 <0 .03 0 . 03 <0 . 03 0 .04 <0 . 03
Y 2°3
- 0.,03 0 . 46 0 .03 - 0 . 92 0 . 62 -
F ■ 0 . 19 0 . 15 0 , 30 - 0 . 32 0 .45 -
TOTAL 98 . 65 98 . 14 97 .38 97 .91 99 . 13 98 ,.50 98 . 56 98 .60 101 . 02 100 . 99 97 .41 97 .69 98 . 44
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Table 3.3B. Representative microprobe core-rime compositional 
zoning in allanite from the Palisade Crest Suite.
Sample No. PAL 2 
Core Rim
22
Core Rim
72
Core Rim
Si02 28.62 29.63 28.72 28.59 28 .95 29.29
Ti02 1 .83 1 .87 2. 10 1 .76 2 .69 1 .83
> ►— ro o CO 11.26 10.99 11 .31 10.62 10 . 20 11.44
FeO . 
tot
15.50 15.37 15.22 14 .67 16 .11 16.47
MnO 0.75 0.50 0.93 0.62 1 ,.35 1 .46
MgO 0.53 0 0.70 0 0 .69 0. 14
CaO 10.77 9.28 10.96 10.21 10..36 11 . 19
La2°3
7 .76 5.30 6.92 6.78 9,.69 4 . 29
Ce2°3
11 .49 9.75 11 .07 8.36 11 .,78 12.09
Nd2°3
2. 10 1 .78 3.04 1 . 10 1 . 56 4.59
D»2°3
0.05 0.06 0. 18 0.21 0..34 0.36
Th02 1.48 3.01 1.45 3.49 0. 80 0.77
UO, <0.03 <0.03 <0.03 <0.03 <0. 03 <0.03
TOTAL 92.17 87.57 92.60 86.41 94.55 93.95
Table 3.3C. Representative minor elements compositions of 
apatite from the Palisade Crest Suite.
Sample No. PAL 3
TINEMAHA PLUTON 
56 57 61 63
McMURRY
2
MEADOWS
22
PLUTON
30
LEUCOGRANITE
72
MnO 0.09 0.05 0.01 0.05 0.04 0.12 0.09 0.06 0.04
Y2°3
0.08 0.05 0.07 0.04 0.04 0. 13 0.10 0.09 0. 25
F 3. 16 3.15 2.90 2 .65 3.04 3.61 3.45 2.68 3.18
Cl 0 . 18 0.07 0.12 0.24 0.13 0.05 0.04 0 . 20 0.03
S nd 0.05 0.06 - 0.05 0.01 0.05 0.02 0.04
TABLE 3.3d : BIOTITE
Sample No. PAL 3
TINEMAHA PLUTON 
56 57 61 63
McMURRY
2
MEADOWS
22
PLUTON
30
LEUCOGRANITE
72
MnO 0.39 0.35 0.11 0.24 0.28 0.47 0.41 0.34 0.25
F 0.28 0.36 0.29 0.34 0.32 0.57 0.47 0.22 0.72
Cl 0.23 0.08 0.08 0.16 0.14 0.10 0.09 0.15 0.05
2
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La-enriched rim is significantly different to all granitoid sphenes 
analyzed from the suite.
Sphenes from the granitoids all contain marked REE depletions at 
the rim relative to the core concentrations (Figure 3*7 A, B). A 
significant feature of the sphene REE zoning is the changing 
La^/Ce^ ratio in sphene that can be ascribed to allanite 
crystallization (Sawka et al., 1984). The decreasing La^/Ce^ in 
sphene cores with increasing distance from the Tinemaha pluton margin 
is due to additional early allanite crystallization. Similarly the 
higher La^/Ce^ in the rim of sample PAL61 could be caused by 
allanite crystallization ceasing as sphene growth began to dominate 
control of REE in the late melt. Due to strong discrimination against 
La (Green and Pearson, 1983), continued sphene crystallization tends 
to increase La in the melt relative to Ce, thus opposing the effect of 
allanite crystallization. Late crystallizing sphenes from the 
Tinemaha pluton exhibit progressively increased La/Ce ratios with 
later crystallization (Sawka and Chappell, in press).
Representative sphene REE compositions from the McMurry Meadows 
pluton are plotted in Figure 3.7B. All analyzed sphenes from the 
pluton exhibit pronounced LREE zoning with depletions at crystal rims. 
Sphene from the mafic margin of the pluton contains only a third of 
the REE content of those from the pluton center. The higher 
La^/Ce^ in sphene from the mafic margin of the pluton indicates 
that there was no previous allanite crystallization. Those sphenes
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from the central granite portion of the pluton exhibit significantly 
lower La^ than ^e^, suggestive of earlier allanite 
crystallization. In those sphene crystals in which fluorine was 
analyzed, fluorine enrichment always occurs at rims and corresponds to 
lower REE concentrations. Although uranium concentrations are 
generally too low for microprobe analyses, fission track 
autoradiography has established that enrichment does occur along 
sphene rims.
3.9.2 ALLANITE
Representative allanite core-rim compositions from the McMurry 
Meadows pluton are listed in Table 3.3B. The allanite analyses all 
have low totals and unanalyzed REE would only increase these slightly. 
Water could increase the totals somewhat as would ferric iron. 
However the major source of error is believed to be in the 
inter-element absorption factors for the major elements, REE and Th. 
Gromet and Silver (1983) have reported similar difficulties with 
allanite electron probe analyses. Such problems emphasize the 
important need for proper mineral standards for such analyses. 
However, we consider the relative variations in allanite to be 
significant.
Chondrite normalized REE patterns for allanite core-rim zoning in 
the McMurry Meadows pluton are shown in Figure 3.8. Similar to 
sphene, allanite exhibits a total REE depletion along the lighter
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Figure 3*8. Chondrite normalized core-rim REE zoning in allanite from 
the McMurry Meadows pluton. X = sample PAL2, triangles = sample 
PAL17, and circles = sample PAL72.
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colored rims relative to the core concentrations. The La.T/Nd„ of
N N
allanite cores progressively increases with whole rock fractionation. 
The allanite from the leucogranite contains the only Nd enriched rim 
and this is related to its sphene-absent growth. All allanite from 
the McMurry Meadows pluton exhibit slightly Dy-enriched rims. Such Dy 
rim enrichment probably occurs during allanite growth which would 
rapidly decrease the LREE/HREE in the melt. Allanite from the McMurry 
Meadows granite contain Th enriched rims, while in the leucogranite Th 
is depleted at the rim.
Allanite from the Tinemaha pluton has an extremely high La/Nd 
with chondrite normalized La and Nd of about 320,000 and 6,000 
respectively. The rim of this allanite is depleted in Th and LREE 
including Nd. An analysis of the allanite is listed in Sawka and 
Chappell (1985A).
3.9.3 APATITE
Partial analyses of representative apatite crystals are listed in 
Table 3C. Minor element variations in apatites from the Tinemaha 
pluton exhibit a general trend toward increasing fluorine with 
fractionation, however, the pluton's outermost margin is anomalous in 
this respect. The other analyzed minor elements, Mn, Cl and Y, show 
little significant variation.
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Apatites from the McMurry Meadows pluton exhibit a systematic 
increase in fluorine, yttrium and manganese while chlorine decreases 
with whole rock fractionation. The leucogranite apatite has the 
highest yttrium concentration; however both fluorine and manganese 
concentrations are lower.
3.9.4 BIOTITE
Manganese, fluorine and chlorine contents of representative 
biotites from the Palisade Crest suite are listed in Table 3.3D. 
Biotites from the Tinemaha pluton exhibit a general trend of 
increasing fluorine and decreasing chlorine with differentiation. 
Manganese is highest in biotites from the pluton's outer-most margin 
and top. Biotite from the McMurry Meadows pluton exhibits a 
systematic increase in fluorine and manganese, with decreasing 
chlorine, during whole rock fractionation. The McMurry Meadows 
leucogranite biotite contains the highest fluorine concentration but 
also contains the lowest manganese concentration, a reversal from the 
main pluton's trend.
Biotite-apatite geothermometry (Luddington, 1978) was applied to 
the Palisade Crest granitoids yielding highly variable results within 
single samples. In particular, samples from near plutonic contacts 
tend to yield anomalous results. Samples from the interiors of 
plutons yield more internally consistent results. The interior of the 
Tinemaha pluton yields an average biotite-apatite temperature of
34
650°C. The McMurry Meadows pluton yields average temperatures of 
780°C and 550°C for the equigranular margin and porphyritic core, 
respectively. In general these temperatures appear to represent the 
last re-equilibration of the fluorine near the solidus or subsolidus.
3.10 WHOLE-ROCK CHEMISTRY
Representative whole-rock major and trace element concentrations 
for the Palisade Crest suite are listed in tables 3*4 and 3.5. Some 
major element variations in a horizontal traverse across the Palisade 
Crest suite are plotted in Figure 3.9. The most significant feature 
of the horizontal chemical trends are the close similarity between the 
two plutons near their contacts. The inward SiO^ concentration, for 
example, rises rapidly and then decreases before maintaining a 
relatively constant level across the remainder of the pluton. This 
variation is clear in the Tinemaha pluton and both phases of the 
McMurry Meadows pluton, shown in Figure 3.9A. Such a silica variation 
is in marked contrast to the overall trend reported in zoned plutons 
(Bateman and Chappell, 1979; Bateman and Nokleberg, 1978). It is 
argued here that these "silica spikes” are a significant feature and 
not a random magma surge. This suggestion is supported by similar, 
though less pronounced, silica spikes occurring in both the Tuolumne 
Intrusive Series and the Mount Givens Granodiorite (op. cit.).
The three silica spike samples that occur near the outer margins 
of the Palisade Crest plutons exhibit remarkably similar variations
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Table 3*4. Representative XRF analysis of the Palisade Crest 
Suite.
** Additional data is given in appendix 1
TABLE 3.4:
Pluton Leucogranite Mafic Inclusions
Sample No. PAL 3 32 55 56 57 58 61 63 65 70 8 53 69
TINEMAHA SUITE
Si02 57 .24 61 .52 63 .02 65 .12 60.26 66 .14 60.44 63 .26 62.62 66.21 69 .56 47.74 64 .94
T102 0 .75 0 .65 0 .59 0 .49 0 .72 0 .46 0 .67 0 .58 0 .60 0 .46 0 .33 1.39 0 .50
A120 3 19 .19 15.87 15.85 15.05 16.07 15.05 16.13 15.61 15.69 15.03 14.27 18.04 15.55
Fe203 2 .30 2 .55 2.31 2 .13 2 .84 1.09 2 .63 2.41 2 .49 1 .83 1.40 4.21 2 .05
FeO 3 .10 3 .05 2 .78 2. 16 3 .20 2.71 3 .27 2.71 2 .74 2 .14 1.41 6 .42 2 .1 7
MnO 0.11 0 .1 0 0 .06 0 .07 0 .10 0 .07 0 .08 0 .07 0 .09 0 .07 0 .05 0 .18 0 .08
MgO 2 .09 2.41 2. 15 1 .70 2 .57 1.53 2 .44 2.11 2 .23 1 .62 1 .03 4 .82 1.70
CaO 5.51 5 .16 4 .80 4 .14 5.41 3 .79 5 .38 4 .70 4 .87 3 .80 2 .69 9 .37 4 .23
Na20 4 .74 3 .48 3-94 3 .16 3-39 3.31 3 .40 3 .43 3 .48 3-23 2 .98 3 .67 3 .34
K20 2 .66 3 .44 2 .58 3 .83 3 .33 4 .12 3-58 3 .54 3 .56 4 .07 4 .68 1.91 4 .00
P205 0 .28 0 .29 0 .26 0 .21 0 .31 0 .19 0 .30 0 .26 0 .25 0 .18 0 .13 0 .80 0 .21
S <0.02 0 .02 <0.02 <0.02 <0.02 <0 .02 <0 .02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
H20+ 0 .73 0 .8 2 0 .80 0 .90 0 .99 0 .62 0 .81 0 .70 0 .66 0 .89 0 .58 1.32 0 .89
H20- 0 .12 0 .08 0 .12 0.11 0 .09 0 .09 0 .10 0 .09 0 .12 0 .10 0.11 0 .12 0 .11
C02 0 .34 0 .24 0 .17 0.21 0 .20 0 .21 0.21 0 .15 0 .16 0 .11 0 .19 0 .24 0 .19
rest 0 .40 0 .29 0 .25 0 .24 0 .29 0 .23 0.31 0 .30 0 .28 0 .24 0 .20 0 .30 0 .25
99 .97
0=S 0.01
total 99 .56 99 .96 99 .68 99 .52 99 .77 99 .66 99 .75 99 .92 99 .84 99 .98 99.61 100.53 100.21
Trace Elements
Ba 1920 1020 880 825 995 770 1170 1170 1070 860 665 615 885
Rb 66 103 67 116 101 131 111 95 106 127 187 108 124
Sr 757 676 678 583 699 549 741 688 670 559 394 822 635
Pb 12 12 8 12 10 14 11 12 10 14 16 7 13
Th 2 .7 20 .0 16.7 32 .9 15.3 2 3 .6 18.5 19.8 15.0 24 .4 2 6 .5 4 .7 17 .3
U 1.2 4 .4 4 .5 6 .7 3-7 5 .3 4 .7 5 .3 2 .6 4 .0 3-2 1.8 3-4
Zr 317 152 145 140 163 117 166 152 144 121 115 197 131
Nb 6 .0 14.5 9 .0 11.0 12.0 10.5 11.0 12.0 9-5 8 .5 14.0 10.5 10 .5
Y 13 25 14 18 20 15 21 22 18 15 23 25 18
La 25 44 32 34 37 32 35 35 33 28 30 47 34
Ce 52 84 55 63 72 58 67 72 63 51 62 101 64
Sc 11 14 12 10 14 9 14 12 12 9 8 25 10
V 88 105 97 78 115 71 112 93 95 68 46 220 78
Cr 3 10 8 7 11 7 11 8 8 6 5 4 7
Mn 935 890 560 705 915 655 670 675 780 635 490 1570 685
Ni 4 8 8 6 10 6 9 7 8 5 2 15 5
Cu 12 47 21 22 16 16 18 34 6 21 5 21 4
Zn 96 65 36 51 70 49 48 45 55 49 40 145 61
Ga 21 .0 18.8 18.2 17.0 19.0 17.0 18.6 17.8 18.0 16.6 15.4 2 4 .6 17.6 34
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TABLE 3.4:
Layered Leucogranlte
Sample No. PAL 2 21
Pluton
22 25 27 30
Leucogranlte
72
microgr. 
6
granite
7
McMURRY MEADOWS SUITE
SI02 68 .53 59 .98 66 .90 60 .53 69 .37 59 .63 75 .32 72 .00 70 .35
T102 0 .40 0 .70 0 .45 0 .6 5 0 .33 0 .66 0 .1 2 0 .28 0 .34
A120 3 14 .88 17 .00 15.79 16.87 14.99 17.19 12.62 13 .99 14.55
Fe203 1.24 2 .26 1.65 2.21 1.34 2 .29 0 .50 0 .95 1.12
FeO 1.62 3 .38 1.89 3 .40 1.28 3-58 0 .50 0 .85 1.17
MnO 0 .05 0 .09 0 .07 0 .1 0 0 .0 5 0 .10 0 .1 8 0 .03 0 .04
MgO 0 .89 2 .30 1.20 2 .43 0 .78 2 .62 0 .18 0 .34 0 .62
CaO 2 .52 4 .92 3 .13 5 .18 2.41 5 .55 1.05 1.49 2 .00
Na20 3 .28 3.54 3 .40 3-55 3.21 3 .60 3.05 2 .96 3 .07
K20 4 .75 3.44 4.41 3.11 4 .66 2 .83 5 .13 5 .65 5 .08
P205 0.11 0 .24 0 .16 0 .21 0 .1 0 0 .23 0 .0 2 0 .06 0 .0 2
S <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
H20+ 0.64 1.07 0 .59 1.05 0 .68 0 .9 2 0 .78 0 .47 0 .58
H20- 0 .1 3 0 .15 0.11 0 .14 0 .11 0 .14 0 .09 0 .1 3 0 .14
C02 0 .08 0 .13 0 .16 0 .2 0 0 .18 0 .16 0 .15 0 .1 3 0 .14
rest 0 .23 0 .27 0 .25 0 .26 0 .22 0 .26 0 .09 0 .24 0 .23
0=S
TOTAL 99 .35 99 .47 99 .86 99 .89 99.71 99 .76 99 .54 99 .57 99 .52
Trace elements
Ba 1030 1110 1110 970 975 995 175 1050 1010
Rb 179 95 144 94 191 86 200 245 209
Sr 288 440 338 464 287 493 138 217 254
Pb 13 14 14 14 16 12 19 20 16
Th 23-8 9 .3 19.5 10.6 2 0 .8 9.1 38 .7 26 .2 23 .6
U 2 .2 2 .2 3 .6 2 .2 3-3 2 .0 9 .3 2 .6 1.9
Zr 192 222 223 200 168 181 64 232 221
Nb 14.5 11.0 12.5 11.0 13 .5 10.0 12.5 16.0 15.5
Y 21 23 22 24 19 24 10 18 22
La 39 29 34 28 28 26 25 42 43
Ce 72 61 79 63 55 57 41 82 87
Sc 7 16 9 16 6 17 2 4 5
V 42 106 51 102 36 108 9 16 28
Cr 4 13 5 15 2 16 1 1 2
Mn 490 850 605 845 530 915 120 275 420
Ni 1 9 3 10 1 8 <1 <1 <1
Cu 5 33 10 36 6 37 12 17 9
Zn 37 78 51 78 39 83 12 26 38
Ga 15.4 17.8 15.8 18.0 15.2 18.2 13.8 14.4 15 .2 3
4
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Table 3.5. Representative INAA analysis of the Palisade Crest 
Suite.
Plutcn Ivnucogranite ttiflc Inclusions
Sample No PAL 3 55 56 57 58 61 63 65 8 53 69
TINEHV1A SUITE
Sb 0.2 0.2 0.3 0.2 0.1 0.3 0.2 0.1 0.1 0.1 0.1
Cs 0.98 1.10 2.50 1.48 1.81 2.54 1.07 1.18 3.5 2.01 7.56
La 26.2 35.9 39.6 40.9 35.9 39.4 41.8 35.8 32.6 49.2 30.0
Ce 52.5 62.7 74.2 81.6 66.6 74.5 80.8 69.9 64.2 100.8 76.9
Nd 23.9 20.7 26.1 31.3 23.2 30.3 31.2 29.8 25.6 50.2 38.2
Sin 4.02 4.29 4.92 6.08 4.27 6.06 6.34 5.54 4.77 9.50 7.68
Eu 1.41 1.06 1.05 1.34 0.95 1.36 1.32 1.26 0.87 2.41 1.74
Gd 3.3 3.4 3.7 4.8 3.5 4.4 4.7 4.3 3.7 7.4 6.4
Tb 0.52 0.35 0.45 0.60 0.39 0.57 0.57 0.61 0.59 1.11 0.98
Ho 0.54 0.64 0.69 0.76 0.53 0.86 0.92 0.66 0.88 1.00 1.35
Yb 1.25 1.33 1.83 2.04 1.58 1.97 2.23 1.83 2.50 2.28 3.10
Lu 0.20 0.21 0.29 0.32 0.26 0.31 0.34 0.29 0.39 0.34 0.48
Hf 7.96 3.94 3.87 4.68 3.74 4.57 4.14 4.13 3.68 4.75 3.98
Ta 0.27 0.72 1.12 0.97 1.06 0.84 1.09 0.74 1.67 0.52 0.53
McMJRRY EEADOWS SUITE
Pluton Layered LnueoRranite
Leucogranlte
Sample No. PAL 2 21 22 30 6 7 72
Sb <0.1 0.2 0.1 0.2 <0.1 <0.1 0.1
Cs 2.87 2.03 1.76 1.92 2.09 2.27 2.15
La 44.4 30.4 40.3 24.0 41.9 42.9 28.7
Ce 79.2 59.6 72.9 56.7 73.0 83.8 44.3
Nd 28.9 26.5 27.3 25.4 25.8 30.7 11.9
S>n 5.09 5.31 5.27 5.10 4.03 5.09 1.50
Eu 0.88 1.26 0.98 1.22 0.70 0.84 0.28
Gd 4.0 4.5 3.9 4.4 3.0 4.0 1.09
Tb 0.62 0.73 0.61 0.69 0.46 0.61 0.12
Ho 0.99 1.10 0.82 1.01 0.65 0.76 0.36
Yb 2.44 2.54 2.11 2.42 2.1& 2.39 1.52
Lu 0.39 0.39 0.33 0.38 0.37 0.37 0.27
Hf 6.16 5.57 6.55 4.90 6.51 6.40 3.26
Td 1.30 0.69 0.92 0.62 1.25 1.40 1.52
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Figure 3*9. Selected major and trace element variations horizontally 
accross the Palisade Crest suite. Crosses = Tinemaha pluton, circles 
= McMurry Meadows pluton. Traverse A-A" (Fig. 3.1B)
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for both major and trace elements. The variation of elements with the 
silica spike can be divided into two basic groups. These are: (1) 
elements that vary concomitantly with silica (K^O, Rb, Th, U), and (2) 
those that decrease with increasing silica (Na^O, MgO, Al^Og, P^O^, 
CaO, TiO^, MnO, FeO#, Sr).
An unusual feature of the lateral major element variations across 
the pluton is that the most iron-, magnesium- and nickel-rich rocks 
occur within the interior of the Tinemaha pluton rather than at the 
margin. This contrasts with the McMurry Meadows pluton where the core 
contains the most felsic rocks. The extremely high Al^O^ 
content of the outermost Tinemaha pluton sample is unusual compared to 
rocks with similar silica contents elsewhere in the suite. This 
Al-rich sample is apparently the result of plagioclase accumulation, 
reflected also by the high Ga content; Ga and A1 abundances correlate 
throughout the suite.
Except in the outermost margin, and in the samples causing the 
silica spike, both K^O and Na^O remain nearly constant across the 
Tinemaha pluton, while in the McMurry Meadows pluton K^O increases 
and Na^O decreases rapidly towards the core. Both Rb and Th tend to 
follow variations in K20 concentration while U and Pb both vary 
independently. Zr maintains a nearly constant concentration level 
(viSOppm) across the Tinemaha pluton which is in marked contrast to a 
rather erratic lateral variation within the McMurry Meadows pluton.
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Variations in CaO abundance are closely followed by Po0._ and 
Sr. The Mn and Zn variations are closely linked even though quite 
erratic within the Tinemaha pluton. Light rare earth elements (LREE), 
Y and Nb exhibit similar and generally increasing trends towards the 
centre of the Tinemaha pluton, reflecting control mainly by sphene. 
In contrast, Nb and LREE increase while Y decreases toward the McMurry 
Meadows pluton's center, indicating control by at least two separate 
mineral phases. The LREE are strongly influenced by sphene and 
allanite crystallization in this pluton (Sawka and others, 1984) as is 
likely to also be the case for Nb.
Lateral chemical fractionation trends, margin relative to core, 
are summarized in Figure 3.10 for the Tinemaha and McMurry Meadows 
plutons. It is clear that the lateral fractionation trends for 
plutons, even from the same intrusive suite, are difficult to 
generalize. These zoning trends reflect both the minerals being 
fractionated from the melt and the mechanism by which the separation 
occurs. Before discussing the crystal fractionation mechanisms it is 
necessary to examine vertical chemical zoning in the Tinemaha pluton, 
since these trends provide the basis of our proposed zoning mechanism.
Representative major and trace element whole rock concentrations 
are plotted according to sample elevation in Figures3.11 and3.12 for the 
Tinemaha pluton. The vertical fractionation in the Tinemaha pluton 
largely reflects the subtraction of mafic silicates and accessory 
minerals and the consequent increase in quartz and K-feldspar. The
36a
Figure 3*10. Horizontal margin/core zoning trends for the Tinemaha 
pluton (Pal57/Pal65) and the McMurry Meadows pluton (Pal2/Pal30).
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vertical zoning trends of the Tinemaha pluton are summarized in Figure 
3.13, for all elements analysed. Only Si02 , K20, Rb, Cs, Ta, Pb,
Th and U display relative upward increases while MgO, Sc,
Ti02 , Mn and Ni exhibit the strongest relative upward depletions. 
The vertical variations in U, Th and REE's have been examined in 
detail by Sawka and Chappell 1985A) who show that sphene and allanite 
crystal fractionation controls the distribution of these elements. 
The whole-rock upward REE depletion results from decreasing modal 
sphene, which becomes more REE-rich higher in the pluton.
Whole rock REE abundances are listed in Table 3.5 for 
representative Palisade Crest Suite samples. Rocks from both plutons 
contain relatively high concentrations of total REE and conform with a 
regional trend of increasing REE eastward across the batholith (Dodge 
et al., 1982). Chondrite-normalized REE patterns for the granitoids 
(Figure 3.14) exhibit LREE enrichment relative to HREE similar to other 
granitoids from the region (op. cit.), Compared to the Tuolumne 
Intrusive series, the Eagle Peak and Red Lake plutons in the Palisade 
Crest granitoids generally have a lower La/Yb (Frey et al., 1978; 
Noyles et al., 1983).
In the Tinemaha pluton there is a general trend of decreasing 
total REE with increasing silica content. This REE trend tends to be 
somewhat erratic in augite-bearing samples near the contacts, but is 
quite consistent vertically in the pluton, (Figure 3.13; Sawka and 
Chappell, in press). The most mafic outer margin sample from the
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Figure 3-13* Enrichment factors for the 800 m vertical section 
through the Tinemaha Granodiorite. (Samples PAL56/PAL57)
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Figure 3.14A. Chondrite normalized REE patterns for the Tinemaha 
pluton granitoids. Circles = sample PAL3, crosses = sample PAL70, 
triangles = sample PAL61, and open boxes = sample PAL8 (leucogranite).
Figure 3-14B. Chondrite normalized REE patterns for mafic inclusions 
from the Tinemaha pluton. Solid boxes = sample PAL48, triangles = 
sample PAL69, circles = sample PAL53 and X = sample PAL26. Ruled 
field indicates the typical REE concentrations of granitoids from the 
Tinemaha pluton.
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Figure 3.14c. Chondrite normalized REE patterns for granitoids
associated with the McMurry Meadows pluton. Circles = sample PAL30, X
= sample PAL22, crosses = sample PAL2 and solid triangles = 
leucogranite sample PAL72.
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Tinemaha pluton contains the lowest REE abundances and a small 
positive Eu anomaly, indicative of plagioclase accumulation (Figure 
3.14A). An important feature of the Tinemaha pluton is that the ratio 
LREE/HREE remains essentially constant during fractionation, except 
for the leucogranite. The marked increase of HREE in the leucogranite 
and corresponding decrease in La/Lu ratio has been observed in other 
felsic granitoid fractionates (Mettlefehldt and Miller, 1983; Noyles 
et al., 1983) and will be discussed later.
Mafic inclusions from the Tinemaha pluton exhibit chondrite 
normalized REE patterns similar to the host granitoid (Figure 3.14B), 
but generally have higher REE abundances, especially for the middle 
REE.
The REE fractionation trend of the McMurry Meadows magma is 
markedly different to that of the Tinemaha pluton (Figure 3.14C). The 
concentration of LREE increases between 59% and 66% SiO^ (whole 
rock) then remains relatively constant until 75% SiO^, when rapid 
LREE depletion occurs. Middle and HREE abundances remain constant 
between 59% and 66% silica, and above 66% SiO^ depletion occurs more 
rapidly for middle REE than for HREE. With increasing silica content, 
Eu exhibits a consistent decrease in abundance for the entire 
compositional range. The strong depletion of middle REE in the most 
fractionated McMurry Meadows sample (PAL72) is the result of extreme 
sphene fractionation and has been found elsewhere (Simmons and Hedge, 
1978).
3.11 DISCUSSION
3.11.1 THE CRYSTAL/MELT RATIO IN THE MAGMAS
Palisade Crest suite whole-rock silica variation trends are 
presented in Figure 3.15. The relatively low Ni concentrations of the 
plutons indicate that differentiation from a primitive mafic magma is 
unlikely. The two plutons exhibit markedly different strontium 
variations (Figure 3.15), apparently related to the crystal 
fractionation processes. Differences in the crystal fractionation 
processes were evidently the cause of the continuous silica variation 
of the Tinemaha pluton, while the McMurry Meadows pluton shows a 5% 
silica gap. The differentiation of each pluton is best contrasted in 
Figure 3.16. Lee and Christiansen (1983) have modeled fractional 
crystallization trends for Rb, Sr and Ba in a zoned pluton, allowing 
for the anologous trends from the Palisade Crest Suite to be readily 
assessed. Three distinct, though similar, fractionation trends are 
suggested from the data in Figure 3.16. All fractionation trends 
exhibit decreasing Sr, increasing Rb and increasing then decreasing Ba 
with progressive differentiation. The constant decrease in Sr is due 
to plagioclase subtraction during fractionation. The decrease in Ba 
concentration that occurs at 1100ppm is ascribed to the introduction 
of K-feldspar as a fractionating (accumulating) phase. We attribute 
the greater scatter in the Tinemaha fractionation trends to an erratic 
cooling history that caused variable amounts of unmixing and 
fractionation crystallization to occur. This may be best illustrated
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Figure 3-15. Silica variation diagrams for the Palisade Crest 
plutons. Note the overlapping trends for the two plutons, suggestive 
of similar source materials. Symbols are the same as for Figure 3*2.
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by comparison of the Rb-Sr variations (Figure 3.16a). The well 
defined curved trend displayed by the McMurry Meadows pluton is 
typical of Rayleigh fractional crystallization which requires an 
efficient crystal-melt separation process (Arth, 1976). The more 
restricted and less defined Rb-Sr trend for the Tinemaha pluton may 
result from the entrapment of differing interstitial melt volumes, 
consistent with magma rich in poorly size-sorted crystals. It is 
important to emphasize that these trace element variations do not 
exclude restite unmixing (White and Chappell, 1977) but rather 
indicate only that the melt component would be a non-minimum melt.
The two fractionation trends suggested for the McMurry Meadows 
leucogranites and layered leucogranites (Figure 3.16) indicate that 
these rocks did not evolve through the same intermediate compositions. 
Most significant is that the most silica rich leucogranites are 
evidently direct fractionates of the mafic outer margin of the pluton, 
not the porphyritic granite core. This is consistent with field 
relationships as these leucogranites are intrusive into the Tinemaha 
pluton and do not occur in the McMurry Meadows pluton. The 
leucogranites exhibit marked middle REE depletions and high U-Th 
concentrations. In contrast, the layered leucogranites are relatively 
depleted in total REE, U and Th compared to the porphyritic granite of 
the McMurry Meadows pluton. The layered leucogranites occur in the 
center of the McMurry Meadows porphyritic granite which is consistent 
with derivation for this part of the pluton. Evidently, sphene 
fractionation controlled the U, Th and REE sbundances in the most
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Figure 3*16. Plot of Rb, Sr and Ba variations for the Palisade Crest 
suite. Crosses = Tinemaha pluton granitoids, solid boxes = mafic 
incisions from the Tinemaha pluton, box with cross = Tinemaha pluton 
leucogranite, circles = McMurry Meadows pluton granitoids, solid 
triangles = McMurry Meadows pluton leucogranites, open triangles = 
McMurry Meadows pluton layered leucogranite. Suggested fractionation 
trends are indicated by arrows and are consistent with geochemical 
modelling of Lee and Christiansen (1983). Note the two separate 
fractionation trends for the leucogranites from the McMurry Meadows 
pluton. However, we do not imply that the magma composition changes 
along the lines shown. (See text)
ppm Rb
ppm B a
FIGURE 3.16.
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silica-rich leucogranites whereas both sphene and allanite 
fractionation controlled these elements in the layered leucogranites.
The comparable mineralogy and major element composition of the 
Palisade Crest plutons suggest that the magmas that they represent 
would have similar rheologic properties yet the crystal fractionation 
process yielded different products. If the two Palisade Crest magmas 
had varied amounts of suspended crystals during differentiation then 
both the magma rheologies and the fractionation processes may have 
been significantly different. The degree of crystallinity of a 
granitoid magma is not readily calculable. The marked variations in 
Zr for similar silica concentrations (Figure 3.17A) indicates that 
differing zircon fractionations must have occurred between the 
plutons. Watson and Harrison (1983) have demonstrated that zircon 
saturation is not controlled by silica concentration but by the molar 
2Ca + Na + K/Al*Si of the melt. Figure 3.17B is a plot of whole rock 
molar 2Ca + Na + K/Al*Si with Zr concentration for the Palisade Crest 
suite. The decreasing Zr and increasing molar 2Ca + Na + K/Al*Si of 
the Tinemaha pluton suggests that zircon was saturated in the magma 
throughout differentiation. We interpret the difference in Zr 
concentrations to be a function of the magma crystallinities which 
will control the co-existing melt composition. Therefore, the 
Tinemaha magma was saturated in zircon at lower Zr concentrations due 
to a higher crystal-melt ratio than that of the McMurray Meadows 
magma. Thus, the McMurry Meadows magma must have contained fewer 
suspended crystals during differentiation than the Tinemaha magma.
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Figure 3»17A. Plot of silica verses Zr for the Palisade Crest 
plutons. Symbols as in Figure 3.2. Solid line indicates the 
fractionation trend for the Tinemaha pluton. Dashed lines indicate 
the fractionation trends of the main part of the McMurry Meadows 
pluton. Dotted lines are hypothetical, two-component unmixing lines 
(see Chapter 5.11, Model 2). Dotted arrow indicates how the bulk 
magma could evolve while unmixing to produce both an enriched- and 
depleted-Zr component. If this type of unmixing did occur in the bulk 
magma, then the increase in Zr for rocks between 59% and 60% SiO^ 
is due to either: 1) a Zr saturated bulk magma and an increase in 
accumulated zircon, or, 2) a Zr undersaturated bulk magma and an 
increase in tapped interstitial melt.
Figure 3.17B. Plot of whole-rock molar 2Ca + Na + K/Al*Si 
fractionation index (Watson and Harrison, 1983) verses Zr in the
■
Palisade Crest plutons. Lines are as in Figure 3.17A.
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Figure 3.17 also shows dotted unmixing lines for the McMurry Meadows 
pluton. The intersection of these lines implies a magma composition 
from which all the granites (except the leucogranites) could be 
derived by two component unmixing of crystals (residual or magmatic) 
and melt in changing proportions. Such an unmixing process is 
required if the magma is saturated in Zr, since Zr solubility 
decreases with melt fractionation (Watson and Harrison 1983). 
Therefore, the increasing Zr concentration in the mafic granodiorite 
is apparently due to more accumulated zircon.
3.11.2 REE ZONING IN SPHENE AND ALLANITE
Recent investigations into granitoid REE geochemistry have 
demonstrated the major role that accesssory minerals play in 
controlling these elements (Fourcade and Allegre, 1981). However, the 
large variations in REE concentration and zoning of these elements in 
sphene and allanite, illustrates the difficulties involved with 
meaningful geochemical modeling for these systems. The LREE 
concentrations in sphene (cores) vary by factors of three (for La) to 
six (for Nd) within the Palisade Crest Suite. The REE increase in 
sphene generally occur with whole rock fractionation but are mostly 
independent of the whole rock REE concentration. We have previously 
suggested that such REE variations in sphene result from changes in 
the partition coefficients (Sawka et al., 1984). Such increases in 
partition coefficients for large highly charged cations result from 
changes in the melt structure during fractional crystallization. As a
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melt fractionates the ratio of nonbridging oxygens to tetrahedral 
cations (NBO/T) decreases (Mysen and Virgo, 1980), thereby reducing 
the number of melt sites available for the large highly charged 
cations (REE etc.). Green and Pearson (1983) have demonstrated 
experimentally that REE mineral/melt partition coefficients for sphene 
and allanite increase with increasing silica content. Such changes in 
partition coefficients are not unique to these phases (Mysen and 
Virgo, 1980).
The REE depletion at the rims of the granitoid sphene and 
allanite could be due to one or more possible causes; among these 
are: 1) extreme REE depletion of the late stage interstitial melt; 
2) late stage partition coefficient decreases; 3) crystallization of 
other extremely REE rich phases; 4) alteration; and, 5) kinetic 
effects. In a coarse grained slowly cooling plutonic melt, it seems 
doubtful that kinetic effects associated with diffusion in a hydrous 
melt could have caused the REE depleted sphene rims. Alteration may 
be ruled out for several reasons: (a) alteration minerals (sericite, 
chlorite, epidote, etc) are generally absent from the rocks; (b) 
microscopically, sphene rims are no different in appearance to cores; 
and, (c) the alteration would have to remove REE while enriching 
uranium in sphene rims and thorium in allanite rims. Crystallization 
of another REE rich phase could cause the sphene to have REE depleted 
rims. However, we have already shown (Sawka and others, 1984) that 
allanite crystallization only affects the La and Ce contents in sphene 
and not the middle and heavy REE. In the near-solidus region the
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growth of secondary sphene reaction products in biotite may have 
contributed to producing the groundmass sphene REE rim depletions. 
Yet groundmass sphene from the mafic inclusion also co-exists with 
secondary sphene in biotite, but does not exhibit a REE depleted rim.
Green and Pearson (1983) have found that sphene REE partition 
coefficients decrease slightly with increased melt water content. 
Like water, F breaks bridging oxygen bonds (Burnham, 1979) and thus 
causes melt structure depolymerization. The F bonds with Si are 
stronger than those of water and will distort the aluminosilicate melt 
framework, introducing larger sites into the melt and allowing large 
highly charged cations (REE) to more readily remain in the melt. 
These high coordination sites for REE in the melt will be stable in 
preference to CaF. Thus, as F rapidly increases in the melt, CaF 
complexes become less stable as F and Ca are partitioned more strongly 
into sphene which effectively lowers REE partition coefficients at 
this stage. This process is supported by the higher measured fluorine 
concentrations in the sphene rims than in the cores and more generally 
by the F:C1 (atomic) increase from 4 to 11 in biotite with 
differentiation in the McMurry Meadows pluton. The enrichment of F 
during fractional crystallization in plutons has also been found in 
the Tuolumne Intrusive Series (Bateman and Chappell, 1979).
Extreme REE depletion of the late stage melt could certainly 
cause lower REE concentrations in sphene rims even if partition 
coefficients remained high (Gromet and Silver, 1983)» However,
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groundmass sphene from a mafic inclusion does not have a REE depleted 
rim and therefore shows no evidence of such a late-stage melt REE 
depletion. The late-stage melt of this mafic inclusion could be 
expected to contain little fluorine compared to the granitoids. 
Without the late-stage F build-up and depolymerization of the melt, 
REE partition coefficients could continue to increase thereby 
compensating for the continuing REE removal. The origin of the mafic 
inclusion cannot be unamibiguously argued to be entirely magmatic (see 
later discussion). However, similar unzoned sphenes occur in the 
clearly magmatic, though younger, layered hornblende gabbros from the 
center of the suite. Apparently during the growth of these sphenes, 
increases in the REE partition coefficients apparently buffered the 
decreasing REE concentration in the melt.
These results imply that late-stage melt depolymerization by
fluorine may be an important cause of REE zoning in sphene and
allanite. The near solidus growth of secondary sphene from Ti-rich
biotite, simple REE melt depletion and fluid phase loss may each be
dominant accessory mineral zoning processes in other granitoid
systems. The importance of these late-stage melt processes may be
much greater than is apparent here, when the granitoids are considered
5 6as long lived (10 -10 years) volcanic root zones probably having 
open system behavior (Hildreth, 1981) for long periods. The episodic 
separation of a granitoid late-stage REE rich depolymerized melt 
and/or fluid upward into an eruptive system illustrates the
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complexities that may be involved in high level volcanic magma 
chambers undergoing replenishment and convective mixing.
3.11.3 REE VARIATIONS DURING WHOLE ROCK FRACTIONATION
The Tinemaha pluton displays two types of REE fractionation
behavior and both enrichment and depletion may occur during
differentiation. In the outermost augite bearing margin of the
Tinemaha pluton, REE are enriched during whole rock differentiation
(i.e. incompatible behavior). This can be attributed to both the
more mafic composition of this portion of the pluton and its stable
mineral assemblage. Melt structure has a large effect on trace
element partition coefficient values (Mysen and Virgo, 1980). The
less fractionated melts in the pluton's margin would be expected to
have relatively high NBO/T and thus low partition coefficients. The
REE
predominance of biotite (KdBiotite <  O  and plagioclase (Kd 
< 1) as the accumulating phases at the plutons outer margin would 
strongly discriminate against incorporation of REE, thereby causing 
REE enrichment of the melt fractionate. The principal REE site in 
these rocks, which is mainly interstitial sphene, indicates relatively 
late fixation of the REE during solidification. In contrast to the 
incompatible REE bahavior of augite bearing rocks, the granitoids with 
hornblende (augite would have a similar effect) and sphene as euhedral 
phases all exhibit REE depletion with fractionation. The decrease in 
total REE may be accounted for by a fractionating assemblage of sphene 
and hornblende. Preliminary mass balance calculations for the REE
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indicate that for a typical sample (PAL61), sphene controls 
approximately 40-60% of the LREE, 80% of the middle REE and 50% of the 
HREE. Hornblende contributes significantly only to the HREE whole 
rock total, controlling about 30%. These mass balance calculations 
are only approximate, since initial results from sphene mineral 
separations indicate that the REE concentration of that phase varies 
by at least 30%, independently of whole rock REE concentration. 
Intra-plutonic accessory mineral REE variations may be nearly as great 
as those found in some high silica rhyolites (Mahood and Hildreth, 
1983). This is evident when comparing hornblende REE mass balance 
calculations from other similar granitoids. Gromet (1979) found 
hornblende contributes about 15% of the whole rock HREE concentration, 
while Noyles et al. (1983) calculated a hornblende contribution of 
10% and about 30% in the Tinemaha pluton. Apparently the relative 
timing of sphene and hornblende crystallization may determine the 
respective REE contribution to the whole rock totals (Gromet, pers 
comm.). Hornblende fractionation in the Tuolumne Intrusive Series is 
thought to largely control the HREE variations (Frey et al., 1978). 
In the McMurry Meadows pluton, however, modal hornblende decreases 
from 10% to less than 2% as the silica content increases, while HREE 
are maintained at a constant level (Figure 3-14C) suggesting that 
accessory phases may be dominating all REE abundances. Alternatively, 
early formed hornblende (or cpx) could become unstable in the magma, 
as the potassium activity increased and react to form biotite. 
Biotite has much lower partition coefficients for HREE than hornblende 
(KdHBEEbl0nd0/KdKneE:lte = 20) (Arth> 1976). Thus, the hornblende
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hydrothermal reaction to biotite could cause the réintroduction of 
HREE into the melt. A similar HREE disequilibrium situation could 
also occur to a lesser extent in pyroxene-hornblende melt reactions. 
Processes such as these could be extremely important in the ultimate 
development of granitoid REE concentrations. Such a process could 
have caused the HREE enrichment in the Tinemaha leucogranite relative 
to the granitoids of the main pluton, Figure 3.14A.
Mafic inclusions from the Tinemaha pluton contain among the 
highest REE concentrations in the plutonic suite (Figure 3.14B). The 
relatively high abundances of REE in the mafic inclusion preclude a 
primary mafic magma source material either by mingling (Vernon, 1983) 
or by quenching (Reid et al., 1983) in this case. Similarly, the high 
abundances of LREE in the mafic inclusions are not consistent with a 
cumulate origin. The origin of the mafic inclusions is therefore 
restricted to either re-crystallized wall rock xenoliths and/or source 
region material. The linear variation trends for major elements 
between the mafic inclusions and the granitoids is suggestive of some 
cogenetic relationship. It could be reasonably argued that the wall 
rock xenoliths were similar in composition to the granitoid source 
material, however the high total REE abundance of such mafic material 
would be rather unusual. In the restite model for granitoid magmas, 
some discrete mafic inclusions are considered to be more refractory 
material from the source region entrained within the granitoid magma 
(White and Chappell, 1977) although this material need not be directly 
related. The high abundances may be due to small amounts of partial
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melt being subtracted from the mafic inclusions before (during?) 
incorporation into the granitoid magma. Partial melting mafic diorite 
yields residual solids containing progressively higher REE 
concentrations, than the starting composition, as partial melts are 
subtracted (Tindle and Pearce, 1983).
In the McMurry Meadows pluton La and Ce abundances systematically 
increase with increasing silica content, while middle and HREE, except 
Eu, remain essentially unchanged, Figure 3.14c. Sphene partition 
coefficients have a Sm/La ratio of about 10 (Green and Pearson, 1983); 
thus, crystallization of sphene will increase the LREE/middle-REE melt 
ratio. It is most significant that La and Ce still increase in 
abundance with silica within the porphyritic core of the pluton. 
Therefore the most fractionated prophyritic granite (68.5% Si02 , 
PAL2) cannot be a direct differentiate of the outer porphyritic 
granite (59% SiO^, PAL22) because this would require sphene 
fractionation without fractionating allanite. The pronounced La 
anomaly in both of these sphene samples indicates that allanite 
crystallized first. Evidently, both prophyritic McMurry Meadows 
granites acquired their LREE ratios by differing amounts of 
early-formed sphene and melt separation elsewhere in the magma 
chamber, probably represented by the mafic of the pluton (Sawka et 
al., 1984).
The McMurry Meadows leucogranite REE concentrations remain 
relatively constant except for the most silica rich sample (PAL72).
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The marked middle REE depletion, Figure 3.14c, in this leucogranite is 
evidently the product of extreme sphene fractionation which has also 
been found in some granites from Colorado (Simmons and Hedge, 1978). 
Allanite from this leucogranite (Figure 3.8) has the highest core 
concentration of La and a rim enriched in Nd, features which are 
unique to this sample. This allanite must have crystallized after the 
sphene fractionation had occurred and caused a high La/Nd ratio in the 
melt. As allanite crystallization proceeded in the leucogranite, 
without significant coexisting sphene, the melt would have become 
rapidly depleted in La and enriched relatively in Nd, thus resulting 
in the Nd enriched rim of the allanite. This Nd-enriched rim of the 
leucogranite allanite can be related entirely to crystallization 
processes, not requiring complexing or other liquid state processes. 
Even though the Nd concentration is highest at the leucogranite 
allanite rim, total REE are depleted relative to the core 
concentrations. Thus middle REE enriched rims on leucogranite 
allanite may be entirely ascribed to sphene absent allanite 
crystallization and growth in the leucogranite melt. The explanation 
for the very sparce occurrence of sphene in the leucogranite is 
apparently related to low Ca and Ti activities in the melt. Most Ca 
would have concentrated in the plagioclase although enough was still 
present in the melt to form the allanite. The Ti may have been almost 
completely removed from the melt by biotite crystallization, since Fe 
and Mg melt activities would have been already extremely low. The 
leucogranite biotites are more Ti-rich than biotite from the mafic 
margin of the McMurry Meadows pluton. However, it must be noted that
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the biotite from the leucogranite does not contain secondary growths 
of sphene, again probably due to the low Ti and Ca melt-fluid 
activity. Whereas, biotites from the McMurry Meadows mafic margin 
contain abundant secondary sphene growths, apparently from the 
re-equilibration of a higher temperature Ti-rich biotite. Similar Nd 
enriched allanite rims have been found in other high silica 
leucogranites (Michael, 1983) implying that this process may be quite 
common in such silicic magmas, when Ca and Ti activities are very low.
3.11.4 THE MECHANISMS OF CRYSTAL SORTING
3.11.4.1 THE TINEMAHA MAGMA CHAMBER
We consider that any crystal fractionation model for these 
plutons must explain the occurrence of silica spikes near contacts. 
These silica spikes can not be simply explained as magma surges from 
below, since vertical zoning data indicates that such pulses should be 
more mafic. The model adopted here for the plutonic zoning is 
crystallization at a vertical sidewall produces a less dense 
melt-magma which rises as a boundary layer flow to the chamber top. 
The fluid-dynamic demonstration of this model can be found in Turner 
(1980) and McBirney (1980). In this model, crystallization occurs at 
a vertical side-wall of the magma chamber due to heat loss and a 
fractionated melt is produced at the interface of the crystallization 
site and the unfractionated magma. This fractionated melt is less 
dense than the unfractionated magma further away from the side-wall
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and it rises buoyantly upward as a boundary layer before 
re-equilibration can occur with the unfractionated magma. The silica 
spikes are thought to represent a rising, less dense boundary layer 
magma which has solidified in place; essentially a feeder to the 
magma chamber's top. This can be demonstrated by comparing the 
side-wall silica spike composition with that of the Tinemaha pluton's 
top (Table 3.6). The ratio is nearly one for almost every element 
with the noteable exceptions of: Th, U, Nb, Ta, Hf and REE. All of 
these elements would be controlled by accessory minerals. The excess 
abundance of U, Th, REE, Ta and Nb in the high elevation sample 
relative to the silica spike rock could be largely related to small 
differences in sphene fractionation. Partition coefficients would be 
predicted to be lower in the sidewall zone as the presence of augite 
is suggestive of higher temperatures. These lower partition 
coefficients for sphene at the magma chamber side-wall may have 
contributed to the greater abundances of these elements in the high 
elevation sample verses that of the silica spike.
If the silica spike does represent the solidified feeder to the 
top of the pluton then these two zones could have the distance-related 
compositional gradients. The vertical zoning data indicates that 
SiO^ increases from 60 to 65% in 500 metres upward (Figure 3.10A) 
which is nearly identical to the horizontal distance for a similar 
SiO^ variation in the silica spike (Figures 9 and 11). This could, 
however, be a coincidence.
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Additional details of the vertical stratification process become 
more difficult to argue. Crystallization at the pluton's outer margin 
moving inward to the silica spike (at 66% SiO^) would produce 
boundary layers which evolved toward more SiO^-rich compositions 
with time. This implies that the most silica-rich boundary layer 
broke through the earlier denser layers to spread out above them at 
the pluton's top (Figure 3.18). Based on the experimental process in 
liquids (Turner, 1980), progressively more differentiated layers 
whould rise above the formed earlier layers and spread out at the top 
of the chamber.
Crystal settling in plutons has previously been considered a 
viable fractionation mechanism (Bateman and Chappell, 1979) to explain 
compositional trends. Shaw (1965) has presented theoretical 
arguements which strongly support the possibility of crystal settling 
in granite magmas. However, Sparks et al. (1984) have recently 
reviewed evidence for crystal settling in magmas and have concluded 
that convective processes will severely inhibit settling in most 
cases. Supported by the relatively homogeneous vertical mafic 
inclusion distribution, we can only conclude that there is no evidence 
to support crystal settling in the Tinemaha pluton as the major 
vertical fractionation mechanism.
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Figure 3.18. Model evolution of the Tinemaha magma chamber with time. 
Stage 1. Initial homogeneous magma crystallizes along the sidewall 
which produces a less dense boundary layer magma that rises buoyantly 
to the magma chamber top. Convection in the central portion of the 
magma chamber continues. Stages 2 and 3* Continued sidewall 
crystallization produces progressively less dense boundary layers 
which rise to the magma chamber's top, forcing earlier emplaced layers 
downward. Sidewall boundary layer differentiation slows as does 
convection and more dense boundary layers may be produced as the whole 
pluton begins to solidify (approaches about 70% total crystals). 
These denser layers then may rise to a level of similar density in the 
magma chamber and intermingle with earlier differentiates. Once the 
pluton becomes rigid (^30% melt), less dense magma may break through 
from below producing flow sorted schlieren layers.
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3.11.4.2 THE MCMURRY MEADOWS MAGMA CHAMBER
The development of the McMurry Meadows magma chamber was markedly 
different from that of the Tinemaha magma chamber even though 
essentially the same fractionation mechanism was at work. The 
important feature of the McMurry Meadows pluton is that it is bi-modal 
with no intermediate compositions between 61% to 66% SiO^. In this 
respect the pluton can be considered a two member intrusive suite, 
with possible crystal fractionation anologies to other intrusive 
suites. The lack of a continuous range of whole rock compositions in 
the McMurry Meadows pluton requires a different fractionation 
mechanism than for the Tinemaha pluton. There is the possibility that 
the McMurry Meadows pluton resulted from multiple intrusion; however, 
the linear Sr isochron (Figure 3.6B) and the absence of intrusive 
cross-cutting relationships, tend to argue against multiple intrusion 
although they can not rule this out completely pluton's outer margins 
argues against multiple intrusion. The pluton can be argued to result 
from differentiation in place of an initially homogeneous magma.
The crystallization conditions at the outermost margin of the 
McMurray Meadows pluton were apparently different than those in the 
Tinemaha pluton since the rocks are similar in major element 
composition. This is evident from: 1) the abundance of mafic 
silicates (mainly the higher proportion of biotite relative to 
hornblende) suggestive of crystallization from a somewhat less hydrous 
magma (Burnham, 1979); and, 2) the nearly uniform composition of the
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side-wall zone. The Tinemaha pluton evidently had not completely 
solidified when the McMurray meadows pluton was intruded; this is 
evidenced by the absence of cataclastic deformation at the contact. 
Therefore, the Tinemaha pluton provided, in effect, a thermal blanket 
around the McMurray Meadows pluton thereby allowing for slow side-wall 
solidification of the pluton.
The slower solidification rate could result in a very efficient 
zoning process by allowing fractionated boundary layers enough time to 
completely rise away from the side-wall. Although, a small silica 
spike is preserved within the pluton's outer margin, overall the 
equigranular phase is relatively homogeneous, only having about one 
per cent silica variation. This implies that the melt which 
fractionated away from this side wall should also have a uniform 
composition. The porphyritic interior of the pluton would fit the 
necessary compositional uniformity. Figure 3.19 diagramatically 
illustrates the magma chamber's evolution with time. Since the magma 
that fractionated away from the sidewall would be almost 
compositionally homogeneous, vertical zoning would not be expected in 
the pluton's porphyritic core, unless it was caused by crystal 
settling. However the small silica spike, present in the McMurry 
Meadows porphyritic granite, suggests that side wall crystallization 
processes may have also started to develop within this portion of the 
magma chamber.
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Figure 3.19. Model evolution of the Mcmurry Meadow magma chamber with 
time.
Stage 1. Sidewall crystalization of a homogeneous magma produces 
a less dense boundary layer magma which rises to the magma 
chamber's top.
Stage 2. Continued uniform sidewall crystallization produces 
boundary layer magmas with essentially the same densities 
(compositions) which are ponded at the magma chamber's top. The 
differentiated ponded magma begins to seal off sidewall 
crystallization progressively lower in the magma chamber.
Stage 3* Sidewall crystallization beneath the ponded 
differentiation magma, continues to produce differentiated 
boundary layer magmas. These magmas are either added to the base 
or break through to the top of the ponded magma as schlieren 
dikes. This overall process results in a funnel shaped 
differentiated pluton which has been proposed from geophysical 
data elsewhere in the Sierra Nevada batholith (Oliver, 1977).
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If the magma chamber was fixed in size, the differentiated magma 
would eventually seal off the side wall crystallization process as it 
moved downward (Figure 3.19). Further sidewall crystallization could 
then only occur beneath the ponded magma, which would result in a 
funnel shaped bottom to the porphyritic granite. The steeply dipping, 
flow sorted schlieren around the outer margin of the prophyritic 
granite probably resulted by magma surges, from deeper side wall 
crystallization and fractionation. It is important to note that the 
differentiated melt initially collects at the magma chamber top, then 
progressively ponds downward, which is analogous to models of the Long 
Valley caldera (Bailey et al., 1976). The suggested vertical geometry 
for the McMurry Meadows pluton is similar to the subsurface shape of 
the Tuolumne Intrusive Series that was determined by Oliver (1979) by 
modelling the gravity variations.
3.12 CONCLUSIONS
The models developed here for crystal fractionation and zoning in 
magma chambers are summarized in Figures3.18 and3.19. The major cause 
of the compositional zoning within a magma chamber is apparently 
related to the differing rates of diffusion for heat and compositional 
re-equilibrium. The two diffusion rates interact causing a 
double-diffusive side-wall differentiation system to be established 
within the magma chamber. Fractionated magma compositions are 
produced as a series of boundary layers along the crystallizing 
side-wall(s) of the magma chamber. The composition of the magma
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fractionate-boundary layer is determined by the amount of depletion 
caused by crystal growth on the side-wall.
The melt-magma immediately adjacent to the side-wall, now 
depleted in the crystallized components, is less dense and flows 
upward before re-equilibration with the unfractionated magma which is 
more dense. Vertical zoning results by the collection of the less 
dense magma at the magma chamber roof. Thus, the vertical zoning 
process is caused by a series of horizontally emplaced sheets produced 
from a side-wall feeder zone, not gravity settling. Similar magma 
chamber processes are thought to occur in more mafic granitoid 
chambers (Barnes, 1983) and in high silica systems (Bailey, 1984).
The geochemical examination of zoned plutons provides insight 
into the morphology of magma chambers that can only be inferred from 
volcanic systems. The double-diffusive side-wall fractionation model 
utilized here has several consequences and implications to 
calc-alkaline eruptive systems: (1) erupted phenocryst assemblages 
are not necessarily representative of the fractionating phases at the 
magma chamber side-wall, (2) in a rapidly developing system, erupted 
phenocrysts may not always be in perfect equilibrium with the 
co-existing melt composition (this would be particularly true for 
trace elements in large crytstals or some accessory minerals with slow 
diffusion (exchange) rates with melt e.g. zircon), (3) some rhyolite 
plus zoned intermediate eruptive systems with large compositional gaps 
may result by differentiation of a single magma, (4) volcanic niagma -
4
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chambers may be recharged by additions of differentiated magmas to the 
roof, displacing more solidified (denser) magmas downward, (5) A high 
silica vertically zoned magma of great volume (Hildreth, 1981) could 
be produced by side-wall fractionation processes from a much more 
mafic magma. At present the process of liquid state diffusion 
(Hildreth, 1981) in magma chambers remains unsupported by the study of 
intrusive igneous rocks (Miller and Mittlefheldt, 1984). It is 
important to note that in the Palisade Crest suite that all 
compositions (up to 75% SiO^) are directly attributed to crystal 
fractionation. However, it is uncertain that evidence of liquid state 
diffusion could ever survive slow cooling effects in the plutonic 
environment.

CHAPTER 4
COMPOSITION VARIATIONS IN U, T h , AND RARE-EARTH ELEMENT 
ACCEPTOR MINERALS DURING FRACTIONATION OF THE PALISADE CREST 
GRANITOID SUITE: EASTERN SIERRA NEVADA BATHOLITH, U.S.A.
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4.1 INTRODUCTION
The geochemical behaviour of the rare-earth elements (REE) in 
igneous rocks has proved to be a useful constraint on petrogenetic 
models. An important consideration in the use of REE as a 
petrogenetic indictor is the mineral assemblage which controls these 
elements. In felsic igneous rocks, it is common that the REE are 
highly concentrated by accessory phases such as sphene, allanite, 
zircon, apatite, monazite, etc., rather than the major silicate phases 
(with the exception of hornblende). Several studies have now 
demonstrated that in granitoids, accessory minerals contain most of 
the whole-rock REE, U, Th, Ta and Hf concentrations (Fourcade and 
Allegre, 1981; Exley, 1980; Gromet and Silver, 1983; Noyles et_ a l ., 
1983). Therefore it has become important to establish the REE 
characteristics and variations of these accessories in order for 
petrogenetic models to truly represent the processes.
Large variations in mineral/melt partition coefficients have been 
found to occur in high silica-rhyolites (>75% Si02 wt. , anhydrous), 
principally due to melt polymerisation and/or volatile complexing 
(Mahood and Hildreth, 1983). An important, yet frequently overlooked 
consideration in granitoid crystallisation is that the interstitial 
(intercumulate) melt will be substantially more silica-rich than the 
bulk rock composition which ultimately solidifies. This is mainly due 
to the early crystallisation of mafic silicates and calcic 
plagioclase, or their presence as restite. Therefore it is apparent 
that large variations in mineral/melt partitioning may also occur in 
most granites during the final stages of solidification. However.
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demonstration of mineral/melt partitioning in granites is not as 
straightforward as in volcanic rocks, since the melt composition is 
not directly measurable. In granitic systems demonstration of 
variations in mineral/melt partitioning requires a much more indirect 
approach, inferring mineral partitioning changes in zoned plutons 
qualitively (Wyborn, 1983, Sawka et a_l., 1984). These compositional 
(partitioning) variations in slowly cooled plutonic rocks are 
complicated by mineral zoning which may have taken place in either the 
magmatic and/or the subsolidus (hydrothermal) stage of 
crystallisation. Furthermore, re-equilibration may occur as new 
phases precipitate from the magma or are metasomatically replaced. 
These problems nothwithstanding, the trace element variations that 
occur within granite accessory minerals may provide a wealth of 
information on a variety of processes occurring during a pluton's 
cooling history. However, the characteristic compositional variations 
of minerals during magma fractionation and volatile complexing in more 
simple volcanic and experimental systems will provide a basis for 
interpretation of the plutonic variations. A brief review of some of 
the possible effects on the composition of plutonic accessory minerals 
is now presented.
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4.2 PREVIOUS WORK ON FACTORS AFFECTING TRACE ELEMENT ACCESSORY
MINERAL/MELT PARTITIONING
4.2.1 Experimental studies
Many experimental investigations have addressed the variable 
partitioning behaviour of minerals due to melt composition, 
temperature, pressure and volatile content. Melt composition, which 
affects melt structure, plays a dominant role in the magnitude of 
partition coefficients (Mysen and Virgo, 1980) particularly at higher 
(granitic) silica concentrations. The degree of melt polymerisation 
has been shown to affect the activities of trace metals in melts 
differently (Watson, 1976; Ryerson and Hess, 1978). The results 
indicate that some elements are more stable in mafic melts which are 
less polymerised such as Zr, Ta and REE, while others are more stable 
in polymerised silicic melts such as Cs, K, A1 and Na.
A simple silicic-rich melt structure consists essentially of 
linked networks of Si04 tetrahedra (Hess, 1980). The degree of 
polymerisation is a relative measure of the proportion of bridging 
oxygen bonds replaced by non-bridging bonds in the melt tetrahedra. 
Natural melts are more complex and will involve A1 and Na in a 
modified albite-type structure (Burnham, 1979). Network modifying 
cations (Fe, M n , Mg, Ca) distort the alumino-si1icate melt structure 
by breaking the tetrahedral bridging oxygen bonds. Thus, as the ratio 
of non-bridging oxygen bonds to tetrahedral melt sites (NBO/T) 
decreases, the melt is increasingly polymerized. As a granite magma
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crystallises, major element network modifiers are removed from the 
melt by the rock forming silicates thus causing a continuous decrease 
in the remaining melt NBO/T, and the mineral/melt partition 
coefficients to rise (Mysen and Virgo, 1980). The increase in melt 
polymerisation during granite solidification could, however, be offset 
by concomitant increases in H20 and F which break bridging oxygen 
bonds (Burnham, 1979). Thus, two opposing melt processes affect 
mineral/melt partitioning as a magma crystallises; they are: (1) 
increasing melt polymerization due to decreasing major element network 
modifiers, and (2) decreasing melt polymerisation caused by increases 
in network modifying volatiles. Either of these processes could 
dominate at a particular point during solidification of a 
holocrystalline rock.
Volatiles which build up during crystallistion are also important 
as complexing agents for the large highly charged cations. Three of 
the most important volatiles in granite systems are H 2 o , F and C02 . 
For the elements of interest here, F is thought to complex with Cs, 
T h , U and the heavier REE whereas Cl complexes with Zn, Mo, W, Zr, H f , 
Ta and all the trivalent REE (Hildreth, 1981). Fluids rich in Cl have 
REE partition coefficients of <1 with a LREE/HREE of about 2 (Flynn 
and Burnham, 1978).
The low solubility of C02 in granitic magmas (Holloway, 1976), 
could cause C02~rich vapour to coexist with a melt quite early in the 
crystallisation history. In this case, the LREE would be partitioned 
more strongly into the C0?-rich vapour phase than the HREE (Wendlandt
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and Harrison, 1979; Flynn and Burnham, 1978), whereas an aqueous 
vapour phase would not partition REE significantly out of the 
coexisting melt (op. cit.).
High pressures have been recently demonstrated to increase 
partition coefficients for REE in sphene and clinopyroxene (Green and 
Pearson, 1983). However, within the context of this study any 
pressure effects are probably negligible.
Temperature decreases normally cause increases in mineral/melt 
partition coefficients as demonstrated by Leeman and Lindstrom (1978). 
Changes in the melt fC^ may change the partition coefficients for some 
elements (Sun e_t al^ . , 1974). This may be of particular importance 
when the mineral site for REE (etc.) substitution requires a charge
balancing. For example, REE in sphene are incorporated into the
i p
structure by nonstoichiometric coupled substitutions for Ca , with 
charge balancing by mainly Al + 3 and Fe+3 for Ti+4 (Ribbe, 1980). 
Clearly if the activity of Fe3+ or other charge balancing components 
is reduced in a melt, this could decrease the partitioning of REE into 
sphene. Sphene has also been demonstrated to be a potential 
refractory phase during the high-pressure partial melting of hydrous 
mafic compositions (Heilman and Green, 1979).
Apatite REE partitioning has been determined by Watson and Green
(1981), and indicates that middle REE are most strongly concentrated 
in apatite. Apatite has also been shown to have a low solubility in 
most silica-rich melts and very slow diffusion rates for REE.
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suggesting that xenocryst REE could be preserved in some cases (op. 
cit.; Watson and Capobianco, 1981; Harrison and Watson, 1984).
The experiment partitioning of REE into zircon has been conducted 
by Watson (1980). Zircon partition coefficients are highest for heavy 
REE. The saturation of zircon in melts has been examined in several 
studies (Watson and Harrison, 1983; Harrison and Watson, 1983; Watson, 
1979). In general, the solubility of zircon decreases with increasing 
melt polymerisation, as might be expected for the large highly charged 
Zr4+ ion.
The REE partitioning characteristics and stability of allanite 
have been investigated by Green and Pearson (1983). Allanite has 
extremely high LREE partition coefficients and a wide stability range, 
up to 1050°C and 30kb.
4.2.2 Volcanic studies
Volcanic rocks with a rapidly quenched groundmass glass component 
and unzoned phenocrysts provide a natural laboratory for mineral/melt 
partitioning studies. Such studies are able to provide partitioning 
information on a greater number of elements than those of 
experimental systems, using mineral separate analyses. However, these 
volcanic partitioning investigations do have the drawback of the 
complexities involved with the eruptive environment.
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Nagasawa (1970) was one of the first to recognise the potential 
importance of accessory minerals in the REE evolution of volcanic and 
intrusive rocks. Accessory mineral partitioning data on volcanic rock 
are still, as yet, not extensive. However, high silica rhyolites have 
recently received a great deal of attention in this respect. The work 
of Mahood and Hildreth (1983) has demonstrated large variations in 
allanite and zircon partition coefficients related to melt structure 
and the volatile component. Allanite partition coefficients from the 
obsidian of Sandy Braes (Brooks _et_ aj_ , 1981) are relatively low 
compared with the high silicic rhyolites, as could be predicted from 
melt structure differences. Luhr et_ al_. (1984) recently determined 
partition coefficients for sphene and apatite in the El Chictron 
volcanic complex. These partition coefficients are in general 
agreement with those of experimental studies. However, the naturally 
determined sphene partition coefficients for REE are somewhat higher 
than those determined by Green and Pearson (1983).
It is the purpose of this paper to examine the compositional 
changes in REE acceptor phases during granite fractionation. 
Compositional variations in these minerals may be important in 
assessing: (1) geochemical fractionation trends in granites; (2) 
magmatic-subsolidus REE equilibrium between phases; and (3) the origin 
of mafic inclusions in granites.
Certainly the most extensive examination yet completed on mineral 
REE variations in a zoned pluton is that of Wyborn (1983). The Boggy 
Plain pluton (op. cit.) provides an example of fractional
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crystallisation of a magma that was essentially free of refractory 
material at the time of intrusion, whereas, the Palisade Crest plutons 
are thought to have been intruded with varying proportions of 
refractory material (mainly calcic plagioclase) and a non-minimum melt 
component. Thus, these two investigations are complementary providing 
a wide range of magma analogies.
Figure 4.1 diagramatically illustrates the locations of samples 
selected for detailed mineral separate analyses. Four samples from 
the Tinemaha pluton were selected for mineral separate analyses. Two 
samples which span the pluton's vertical zoning have already been 
examined for accessory mineral variations (Sawka and Chappell, 1985), 
and hornblende has now also been analysed. The two additional samples 
from the Tinemaha pluton include the augite-bearing margin and a mafic 
inclusion. Samples from the McMurry Meadows pluton span the 
compositional range 59% to 75% Si02 . The two most silica-rich samples 
are from small leucogranite intrusions directly related to the McMurry 
Meadows pluton.
All of these samples are described in Sawka e_t aj^ . (1985) and 
plates illustrating the sample textures are presented in Appendix 2. 
Table 4.1 summarises the mineral phases separated from each sample. 
All minerals were separated using heavy liquids on sieved size 
fractions. Normally, sieve size fractions of between -100 and +150 
provided a good compromise between polyphase grains and a workable 
volume of material. Magnetic techniques were used to further separate 
the mineral phases. In addition, all sphene separates were subjected
Figure 4.1 Schematic illustration of the relationship of samples 
selected for mineral separate analyses.
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Table 4.1 Mineral phases separated from whole rock samples for INAA
Sphene apati te zircon allanite hornblende clinopyroxene
Tinemaha pluton
mafic inclusion PAL 53 * * * * *
cpx bearing granitoid PAL 65 * * *
high elevation granitoid PAL 56 * * * *
low elevation granitoid PAL 57 * * * *
McMurry Meadows pluton
mafic granodiorite PAL 30 * * * *
granite PAL 22 * * * * *
layered leucogranite PAL 7 * * * *
leucogranite PAL 72 * * * *
6
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to a Clericis' solution centrifuge treatment after magnetite 
separation. This was necessary due to a magnetic overlap of sphene 
with monazite and thorite. The mineral samples were then hand-picked 
and rinsed with distilled water in an ultrasonic cleaner. It should 
be mentioned that the process of mineral separation will tend to 
preferentially exclude the rims of crystals relative to the cores due 
to abrasion of crystal rims and hand-picking exclusion of crystal rims 
which are most likely to be bi-mineralogic. All separates were then 
packed in polythene vials between spectroscopically pure quartz powder 
for neutron irradiation. Packing with quartz is required in order to 
maintain approximately constant sample geometry during gamma-ray 
counting. All samples were analysed by INAA at the Geology Department 
of the Australian National University under the direction of B W 
Chappell. Details of the INAA method used are given in Sawka and 
Chappell (1985).
4.3 COMPARISON OF THE PLUTONS
Representative major and trace element analyses of the whole rock 
samples are given in Sawka, Chappell and Kistler (1985). The Tinemaha 
pluton differs from the McMurry Meadows pluton in the overall 
compositional zoning patterns. The Tinemaha pluton exhibits a 
continuous range of compositional zoning whereas the McMurry Meadows 
pluton is bi-modal. The most felsic rock thought to be related to the 
Tinemaha pluton contains 70% Si02 , whereas for the McMurry Meadows 
pluton the most felsic rock contains over 75% Si02 - Chemically the 
two plutons are very similar in both major and trace element
69
composition (op. cit.). However, the Tinemaha pluton is somewhat more 
enriched in P2°5 ’ ^ an(* Th than the McMurry Meadows pluton.
The McMurry Meadows pluton contains a higher Zr concentration 
than the Tinemaha pluton for similar whole rock major element 
compositions. This difference in Zr content is thought to reflect a 
larger volume of melt present in the McMurry Meadows pluton at the 
time of intrusion (op. cit.).
The major minéralogie difference between the plutons is that 
hornblende is typically the most abundant mafic phase in the Tinemaha 
pluton whereas biotite is the most abundant in the McMurry Meadows 
pluton. A complete description of these rocks are given elsewhere 
(op. cit.) .
4.4 RESULTS
Data for all analysed mineral separates are listed in Table 
4.2A-F. All results are graphically presented in both chondrite 
normalised REE and ionic radii (Brownlow, 1979) whole rock normalised 
diagrams. It should be noted that both sphene and allanite are 
compositionally zoned (core-rim) and that augite and hornblende may 
be zoned. Microprobe analyses of apatite and zircon indicates that 
these phases are apparently uniform in composition. Therefore, the 
mineral separate analyses should be considered averages rather than 
absolute compositions. Compositional zoning within sphene and
Table 4.2A INAA results for augite separates
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PAL 65 53
Sc (ppm) 144 118
Cr 12 3
Co 36 32
Rb 11 8
Zr 232 333
Mo 3
Sb 2 . 1 1. 7
La 23 . 1 31 .0
Ce 83 78
Nd 65 58
Sm 18 .8 14. 5
Eu 1 .62 1. 74
Gd 17 . 0 14. 1
Tb 2 . 29 1 .7
Ho 4 .0 2. 5
Yb 9 .9 5. 1
Lu 1 .72 0. 88
Hf 2. 7
Ta 0 .4
W 2 . 5 1. 7
Au 0 .01 0. 02
Th 2 .7 1. 6
U 0 .5 0. 4
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Table 4 . 2B INAA results for hornblende separates
PAL 57 56 53 30 22
Sc (ppm) 87 107 64 146 172
Cr 16 12 3 35 23
Co 59 57 57 49 30
Rb 23 37 42 25 29
Zr 173 205 266 270 261
Sb 0.8 0.8 - 0.5
Ba 74 54 160 55 65
La 35.6 52.2 27.2 62.8 33. 9
Ce 65 90 52 214 105
Nd 26 34 23 158 80
Sm 4.9 5.6 3.8 38 22
Eu 0.90 0.87 1 . 18 3.32 2. 00
Gd 3.8 4.8 3.4 36.9 24 .4
Tb 0.55 0.62 0.4 4.6 2. 63
Ho 0.84 1.05 0.45 7.6 4 .9
Yb 2 .48 3.4 0.86 18. 1 12 .1
Lu 0.50 0.63 0. 17 2.74 1 .90
Hf - - - -
Ta 0.3 0.3 0. 05 1 .80 0 . 90
W 2.4 5.8 1 . 1 2.0 3. 2
Au - - - -
Th 2.8 6.2 1.4 5.7 1 .5
U 1.0 2.3 0.3 1 .7 0 .9
Cs 0.6 - -
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Table 4.2C INAA results for sphene separates
PAL 57 56 65 53 30 22 7 72
FeO* (%) 1.99 2.00 2.08 1.96 1 .56 1 .77 1 .81 3 . 14
Sc (ppm) 8.0 10.4 0.8 13.7 8.7 17 .4 31.2 49. 3
Cr 13 12 - - 17 3 - 106
Co 2.0 1.4 2.7 1.7 2.6 1 . 1 2.0 3 .8
Zr 2236 2160 4484 3509 4933 2741 1999 2960
Mo 74 105 97 87 61 98 60 89
Sb 1.0 1.6 3.2 2.0 8 0 .7 - 3
Ba - - 1461 2155 2524 2151 2485 1392
La 2380 2530 2350 2040 2180 2330 2530 3950
Ce 5800 7200 8800 8100 4200 5600 6600 9300
Nd 2700 3660 5420 5830 2140 3700 5230 5400
Sm 540 770 1030 1150 410 860 1370 1110
Eu 74 95 153 225 122 82 110 73
Gd - - 834 1023 349 716 1150 911
Tb 62 95 117 120 41 95 150 135
Ho 69 111 159 120 78 154 234 249
Yb 169 249 300 231 228 388 504 970
Lu 24.6 35.3 41.8 29.4 34.9 56 65 145
Hf 52 53 39 49 54 58 61 97
Ta 124 185 205 107 114 203 296 693
W 11 6 13 - 109 10 - 14
Au 0.07 0.08 111 - 0.09 - 0 .004
Th 966 744 739 410 437 494 432 996
U 163 135 257 39 453 209 54 273
FeO* total Fe as FeO
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Table 4.2D INAA results for apatite separates
PAL 57 56 65 53 30 22 7 72
Sc (ppm) 0
COCO 0 .60 0 .87 1 .7 0 .9 0 .6 1 .6 2 .  1
Co 0 .7 0 .9 0 .6 1 .3 0 .88 0 .6 2 .  1 1 .9
Sr 304 276 488 697 3..84 198 779 566
Zr 378 601 941 7965 3242 684 1708 508
Sb 0 ,.20 0 .37 0 ,.3 3..5 1 . 0 0., 14 1 .6 3 .4
Ba 198 225 456 199 87 162 116 91
La 895 1400 1500 730 1140 1290 1930 1350
Ce 765 1440 2040 1370 1510 1720 3030 2020
Nd 240 480 600 510 740 770 1440 950
Sm
COCO 9 71 80 77 119 132 262 203
Eu 6. 25 7. 8 14. 1 10. 7 11. 4 11 .3 19.. 1 12..6
Gd 33. 0 67. 0 76. 0 64. 0 112. 0 130. 0 237 207
Tb 3. 91 7. 9 8. 7 6. 0 12. 7 14. 5 27.,7 25. 3
Ho 5. 1 10. 5 9. 7 9. 3 17. 5 21. 8 46. 2 46
Yb 13. 9 25. 3 20. 0 25. 7 40. 9 51. 5 130 174
Lu 2. 54 4. 62 3. 69 5. 15 6. 6 8. 89 22. 0 32. 3
Hf 3. 9 11. 4 9. 8 212 112 18 48 6. 6
Ta 0 .1 0 .3 0 .8
W 6 11- 5 4 5 3 5
Au 0 .01 0 .10 0 .01 0 .16 0 .13
Th 50 125 121 52 32 61 72 123
U 26 33 54 24 18 18 16 38
Cs 0.1
Mo 17 28 29
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Table 4 . 2E INAA results for allanite separates
PAL 22 7 72
Sc (ppm) 94 107 163
Cr - - -
Co 60 36 78
Zr - - -
Mo - - -
Sb - - -
Ba 1243 2487 1844
La 62900 55800 62300
Ce 44300 93300 101400
Nd 22000 21900 20800
Sm 1700 1770 1780
Eu 76 75 53
Gd 643 643 701
Tb 90 94 104
Ho 65 42 60
Yb 45 48 106
Lu 8.7 8.2 20.6
Hf 5 13 7
Ta 1 4 1
W - 88 -
Au - - -
Th 4500 5900 3400
U 39 - 180
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T ab le  4.2F INAA results for zirc on  se pa rates
PAL 57 56 53 30 22 7
Sc (ppm) 59 61 67 57 80 74 125
Zr 378000 390500 3875 00 2874 00 354 90 0 330800 372100
Mo 78 28 29 0 - 42 221
Sb 0.3 0.5 0.9 1.5 0.6 3 2
Ba 3874 4189 2621 2837 2634 3370 12944
La 95 148 56 90 112 139 1205
Ce 95 194 87 89 100 141 176
Nd 229 155 116 66 90 133 46
Sm 7.9 9.8 9.9 13.8 11 15.0 11
Eu 2. 13 1 .98 3.5 4 . 1 1.9 2.4 3
Gd 40.7 28.5 41 .6 12
Tb 1 .32 1.7 1 .9 12.1 10.0 12.1 21
Ho 41 40 45 63 49 55 135
Yb 389 390 378 456 411 490 1236
Lu 89 94 83 99 94 111 352
Hf 6324 6374 6433 3277 8588 7749 8809
Ta 2.8 3.1 2.2 4.5 2.3 6.0 13
W 369 196 172 55 46 27 82
Au - 0.24 0.21 0.01 0.04 0.63 0
Th 506 583 700 322 1000 387 6880
U 591 673 420 326 349 449 5610
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allanite are discussed elsewhere in this thesis (Sawka e_t aj^ . , 1984; 
Sawka and Chappell, 1985; Sawka et al_. , 1985).
None of the analyses have been adjusted for the presence of 
mineral inclusions. Such adjustments to totals may be justified with 
phases having extremely low REE concentrations (Mahood and Hildreth, 
1983; Gromet and Silver, 1983). However, most of the phases examined 
here contain relatively high REE concentrations and do not exhibit 
multi-element evidence of significant contamination from inclusions.
4.4.1 C linopyroxene
Two Tinemaha pluton clinopyroxene separates were anlaysed, one 
from the pluton's mafic border and the other from the mafic inclusion. 
The clinopyroxene from both samples exhibit light REE enriched 
chondrite normalised patterns with negative Eu anomalies (Figre 4.2A). 
The clinopyroxene in mafic inclusions contains lower REE abundances 
except for La and E u . The clinopyroxene from the pluton contains a 
well defined negative chondrite-normalised La anomaly. The chondrite- 
normalised LREE/HREE is also lower in the granitoid clinopyroxene. 
Whole rock-normalised values for Zr, Sc, Sb, middle and heavy REE are 
greater than one for both samples (Figure 4.2B). The whole rock 
normalised value for La is constant at -0.64, in both samples. Whole 
rock normalised values for Ce and Eu are also less than one for the 
mafic inclusion clinopyroxene.
i

70 b
TINEMAHA PLUTON
»
PAL 53 •  PAL 65 O
MAFIC INCLUSION CPX GRAN0DI0RITE
47.7% Si02 62.6% Si02
FIGURE 4.2B
figure 4.2 (A) Chondrite normalised REE diagram for cllnopyroxene
separates from the Tinemaha pluton. (B) Whole rock
normalised diagram for selected elements in
cllnopyroxene separates from the Tinemaha pluton.
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4.4.2 Hornblende
A total of five hornblende separates were analysed from the 
granitoids and the mafic inclusion. Hornblendes from the Tinemaha 
pluton are all chondrite normalised light REE enriched (La/Lu>6) 
(Figure 4.3A). All REE except for Eu increase in abundance in the 
hornblendes with increasing whole rock silica. Both of the granitoid 
hornblendes have small negative Eu anomalies while the mafic inclusion 
hornblende has a slight positive Eu anomaly. Whole rock normalised 
REE patterns for the Tinemaha pluton hornblendes are nearly flat 
(Figure 4.3B). The two granitoid hornblendes are slightly HREE 
enriched over the whole rock concentration. The whole rock normalised 
hornblende REE values increase from about 0.5 in the mafic inclusion 
to about 1.5 in the high elevation granitoid. The Sc content of the 
hornblendes also exhibits a continuous increase in concentration with 
granitoid fractionation. The most significant feature of these 
hornblendes is that the whole rock normallised REE values are 
considerably lower than those from elsewhere in the batholith (Dodge 
e_t al_. , 1982). This implies that fractionation of these hornblendes 
could actually increase the REE abundances in the melt.
Hornblendes analysed from the McMurry Meadows pluton are 
significantly different to those of the Tinemaha pluton (Figure 4.4A). 
McMurry Meadows pluton hornblendes contain higher abundances of REE 
and Sc. Both these hornblendes exhibit light REE enriched chondrite 
normalised patterns with pronounced negative La and Eu anomalies. 
Whole rock normalised values for the REE are greater than one for both
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hornblende samples, except for La in one sample (Figure 4.4B). 
In direct contrast to the hornblende trend in the Tinemaha pluton, 
McMurry Meadows pluton hornblendes decrease in both total and rock 
normalised REE abundances at higher whole rock silica concentrations. 
Whole rock normalised abundances of Zr and Sc are essentially constant 
for all of the hornblendes.
4.4.3 Sphene
Sphene separates were analysed from all of the eight samples. 
Samples from the Tinemaha pluton exhibit light REE chondrite 
normalised patterns (Figure 4.5A). Both the mafic inclusion and the 
granitoid sphenes (except for PAL 57) contain pronounced negative La 
anomalies. The negative Eu anomalies of the sphenes are smallest in 
the mafic inclusion and the clinopyroxene-bearing granitoid (PAL 65). 
The uranium content of sphene is lowest in the mafic inclusion (39ppm) 
and highest in the clinopyroxene-bearing granitoid (157ppm). Thorium 
concentrations in sphene is highest in the low elevation granitoid and 
lowest in the mafic inclusion. Abundances of Ta and Zr are highest in 
the sphene from the clinopyroxene-bearing granitoid. The lowest 
sphene concentrations of Ta and Zr occur in the mafic inclusion and 
the high elevation granitoid, respectively.
Whole rock normalised sphene compositional variations in the 
Tinemaha pluton are illustrated in Figure 4.5B. The clinopyroxene- 
bearing granitoid contains the highest whole rock normalised REE, H f , 
T a . U and Sb abundances. The high elevation granitoid has higher
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whole rock normalised REE, Zr, Hf and Ta than the low elevation 
granitoid which has higher normalised U and T h . Whole rock normalised 
REE values for the mafic inclusion sphene are generally intermediate 
to those of the high and low elevation granitoids. The mafic 
inclusion sphene has the highest rock normalised Th value. Rock 
normalised REE values of the Tinemaha pluton sphenes are within the 
range of those from elsewhere in the batholith (Dodge ejt al^ . , 1982).
Chondrite normalised REE patterns of sphene separated from the 
McMurry Meadows pluton, exhibit considerable variation (Figure 4.6A). 
Only the sphene from the most mafic granitoid (PAL 30) does not 
exhibit a negative Eu anomaly. The McMurry Meadows pluton sphenes do 
not exhibit the pronounced negative chondrite normalised La anomalies 
of the Tinemaha pluton sphene samples. However, samples PAL 22 and 
PAL 7 do have relatively flat chondrite normalised LREE patterns. The 
overall trend is for REE abundances, except E u , to increase in these 
sphenes with increasing whole rock silica content.
Whole rock normalised sphene diagrams for the McMurry Meadows 
pluton are presented in Figure 4.6B. The rock normalised abundances 
for sphene from the most silica-rich granitoid (PAL 72) is well above 
the range for other sphenes from the batholith given by Dodge e_t a l .
(1982). Generally, rock normalised REE values for sphene increase 
with increasing whole rock silica, except for La and Eu in PAL 30. 
Uranium and thorium rock normalised abundances decrease from 225 to 
2.7 and 47 to 18, respectively, except for a slight departure by Th in 
PAL 72. This is despite the fact that Th abundances within the

74
sphenes show no systematic trends, whereas U decreases with whole rock 
silica, except in PAL 72. Both Hf and Ta concentrations in these 
sphenes increase continuously with whole rock silica content. Whole 
rock normalised values of T a , Zr, Hf and Sb for McMurry Meadows pluton 
sphenes are similar to those of the Tinemaha pluton. However, rock 
normalised Sc values in the McMurry Meadows pluton felsic rock sphenes 
is many times higher than that in the Tinemaha pluton.
4.4.4 Apatite
Apatite separates were analysed from all eight samples and 
exhibit marked compositional variation between the plutons. Chondrite 
normalised REE patterns for apatites from the Tinemaha pluton are 
presented in Figure 4.7A. All of the Tinemaha pluton apatites are 
strongly LREE enriched, La^/Lu^ ^-25, with negative Eu anomalies. 
Whole rock normalised compositional plots of apatites from the 
Tinemaha pluton are illustrated in figure 4.7B. The clinopyroxene- 
bearing granitoid contains the apatite with the highest rock 
normalised abundances of LREE and U. The rock normalised abundances 
for apatites from the clinopyroxene-bearing granitoid and the mafic 
inclusion are higher for U and Th than those for the other granitoids.
The mafic inclusion apatite contains the highest rock normalised Zr 
and Hf values as well as the highest actual concentration of these 
elements. The REE, U, Th and Sr vary by no more than about a factor of 
two between these apatites.
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Apatites from the McMurry Meadows pluton are light REE enriched 
with large negative Eu anomalies (Figure 4.8A). These apatites are, 
however, less light REE enriched than those of the Tinemaha pluton. 
Apatites from the main phases of the McMurry Meadows pluton (PAL 30, 
PAL 22) have La^/Lu^ 15 compared with about 8 in leucogranites (PAL 
7, PAL 72). The leucogranites contain highest abundances of heavy REE 
abundances for all the apatites analysed. Except for one leucogranite 
(PAL 72), the McMurry Meadows apatites contain lower U and Th 
concentrations than those of the Tinemaha pluton.
Whole rock normalised plots of the McMurry Meadows pluton 
apatites are presented in Figure 4.8B. McMurry Meadows pluton 
apatites are more strongly enriched, relative to the whole rock, in 
middle and heavy REE than those of the Tinemaha pluton, by up to a 
factor of 10 (Gd) . The rock normalised U values decrease 
systematically with increasing whole rock silica content. In general, 
rock normalised apatite values for U, T h , Zr and Hf are similar in 
both plutons, with the most mafic rock having the highest normalised 
values.
4.4.5 Allanite
Chondrite normalised REE plots of three allanites separated from 
the McMurry Meadows pluton are presented in Figure 4.9A. It should be 
emphasised that these allanites are strongly zoned in REE and Th 
between core and rim (Sawka et_ aj_. , 1984; 1985). Therefore, the 
compositional variations between mineral separates must be considered
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only grossly representative of the allanites. All allanites exhibit 
strongly light REE enriched chondrite normalised patterns with 
negative Eu anomalies. In general the total REE content of the 
allanite tends to increase with whole rock silica content. There is a 
progressive decrease in the La/Nd ratio with increasing whole rock 
silica content, yet the abundance of Sm remains nearly constant. The 
Sc content of the allanites increases systematically with 
fractionation. The Th concentration in allanite does not exhibit 
systematic variation and is highest in the sample (PAL 7) which is 
intermediate in silica content to the other samples from which this 
phase was separated.
Whole rock normalised compositional diagrams of allanites are 
presented in Figure 4.9B. All the allanites are light REE enriched 
compared to the whole rock. One allanite (PAL 17) exhibits a negative 
Ce anomaly. Whole rock normalised Sc contents of allanite increase 
from 10 to over 80 with whole rock fractionation. The whole rock 
normalised Th content of allanite is lowest in the most fractionated 
rock (PAL 72).
4.4.6 Zircon
Chondrite normalised REE diagrams for three zircon separates from 
the Tinemaha pluton are presented in Figure 4.10A. All the zircons 
are heavy REE enriched with little or no negative Eu anomalies. The 
heavy REE content of the zircon change very little between the mafic 
inclusion (PAL 53) and the granitoids (PAL 57; PAL 56). The largest
■
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Figure 4.10 (A) Chondrite normalised REE diagram for zircon
separates from the Tinemaha pluton. (B) Whole rock 
normalised diagram for selected elements in zircon 
separates from the Tjnemaha pluton.
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variation in zircon is for light REE with increase systematically with 
whole rock fractionation. The Hf content in these zircons remains 
fairly constant at about 6375ppm. The zircon with the highest U 
content (673) is from the most felsic granitoid (PAL 56) while the 
mafic inclusion zircon (PAL 53) contains the highest Th content.
Whole rock normalised compositional diagrams for zircon from the 
Tinemaha pluton are given in Figure 4.10B. Zircons exhibit a 
progressive enrichment in all REE relative to the whole rock with 
fractionation. Whole rock enrichment factors for Hf in zircon remains 
essentially constant between the mafic inclusion (PAL 53) and the 
granitoids (PAL 57; PAL 56). Rock normalised U and Th abundances 
progressively decrease with fractionation of the whole rock.
Chondrite normalised REE diagrams for four zircons separated 
from the McMurry Meadows pluton are presented in Figure 4.11A. Except 
for the zircon from the most felsic granitoid (PAL 72), the zircons 
exhibit very similar REE concentrations. The zircon from the most 
felsic rock (PAL 72) is enriched in La and heavy REE compared to 
zircons from the less felsic rocks. The Hf content in zircon is 
lowest in the most mafic granitoid (PAL 30). Zircon, U and Th 
abundances vary dramatically with fractionation. The U content of 
zircon progessively increases with whole rock silica content from 
330ppm to 5600ppm. The Th content of zircon is less systematic in 
variation, however the most mafic sample (PAL 30) contains the lowest 
abundance, 320ppm, and the most felsic sample (PAL 72) the highest 
abundance, 6900ppm.
.
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Whole rock normalised diagrams of zircon separated from the 
McMurry Meadows pluton are presented in Figure 4.11B. Unlike zircons 
from the Tinemaha pluton, zircons from the McMurry Meadows pluton tend 
to increase in U and Th rock normalised content with fractionation. 
Likewise, compared to the Tinemaha pluton, McMurry Meadows pluton 
zircons are not systematically enriched over the whole rock in REE 
content during fractionation, except for the most felsic sample (PAL 
72) .
Both the rock normalised Hf and Sc content of these zircons 
increase progressively with whole rock fractionation, unlike those of 
the Tinemaha pluton.
DISCUSSION OF RESULTS
4.5 TRACE ELEMENT PARTITION COEFFICIENTS FROM A GRANITE?
It is normally not possible to calculate trace element partition 
coefficients for phases in granitoids, because the composition of the 
melt at the time a phase crystallises is unknown. In volcanic rocks 
phenocryst phases are considered to be in equilibrium with the co­
existing glass compositions. Thus, phenocryst glass partition 
coefficients may be readily determined from analyses of both these 
components in volcanic rocks.
An unusual layered leucogranite (Appendix 2) occurs within the 
core of the McMurry Meadows pluton and is thought to represent a
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massive crystal-melt flow sorting event (Sawka, Chappell and Kistler, 
1985). This flow sorting event segregated phenocrysts from co­
existing melt into distinct layers of coarse-grained leucogranite (PAL 
7) and microgranite (PAL 6) (op. cit.). Therefore, the composition of 
the microgranite may be assumed to be representative of the melt at 
the time the phenocrysts were segregated into layers. Thus, pseudo 
partition coefficients may be calculated by considering that the 
phases separated from the coarse-grained leucogranite and the 
microgranite are analogous to phenocrysts and glass (respectively) in 
volcanic rocks. Although phases in the leucogranite are zoned to 
varying degrees and some phenocrysts are undoubtedly entrained within 
the analysed microgranite, the calculated partition coefficients will 
at least approximate those effective during crystallisation.
Calculated partition coefficients for sphene, apatite, allanite 
and zircon in the layered leucogranite of McMurry Meadows are listed 
in Table 4.3A-D along with other selected published values for these 
phases.
The calculated sphene partition coefficients for the REE are 
compared with other values in Figure 4.12. In general, the calculated 
REE partition coefficient patterns agree well with both the volcanic 
and experimentally determined patterns. The lower experimentally 
determined partition coefficients are predictable, because of the 
lower silica content (less polymerised nature) of these melts. The 
very low experimentally determined Eu partition coefficient is due to 
Sr^+ being used in the experimental run as an analogue for Eu2+ (Green

Table 4.3A Calculated sphene partition coefficients for 
leucogranite sample PAL 7 and those from 
Luhr et a l . (1984)
79a
Leucogranite PAL 7 
(This study)
Sc 8 10
Cr - <21
Zr 8.6 -
Ba 2.4 <0.6
La 60 46
Ce 90 87
Nd 203 152
Sm 340 204
Eu 157 181
Gd 383 -
Tb 326 248
Ho 360 -
Yb 231 104
Lu 176 92
Hf 9.4 10. 1
Ta 236 142
Th 16.5 17 . 1
U 20.8 9.9
Luhr et_ aj_. , 
(1984)

Table 4. 3B Calculated apatite partition coeff icients for
leucogranite sample PAL 7 compared to those
from other selected studies
79b
Leucogranite PAL 7 Luhr et al. Nagasawa
(This study) (1984) (1970)
Sc 0.4 0.45 -
Sr 3.6 - -
Zr 7.4 - -
Ba 0.1 <0.3 -
La 46.1 21.7 -
Ce 41.6 25.8 18-56
Nd 55.8 29.0 81-27
Sm 65.0 31.4 89-29
Eu 27.3 25.2 50-20
Gd 79 - -
Tb 60 34 -
Ho 71 - -
Yb 60 12.3 37-13
Lu 60 12 30-11
Hf 7.4 <0.4 -
Ta 0.24 0.25 -
Th 2 .75 1.76 -
U 6.15 1 .82 -

Table 4.3C Calculated allanite partition coefficients for
leucogranite sample PAL 7 compared to those
from other selected studies
Leucogranite PAL 7 Brooks et a l . Bishop Tuff (middle) 
(This study) (1981) Mahood and Hildreth
(1983)
Sc 0.46 - 49.4
La 1331 820 2362
Ce 1279 635 2063
Nd 874 463 1400
Sm 438 205 756
Eu 107 81 122
Gd 214 130
Tb 204 71 235
Ho 64 -
Yb 22 8.9 24
Lu 22 7.7 22
Hf 2 - 9
Ta 3.2 - 1
Th 225 168 420
U - <6.7 14

79d
Table 4.3D Calcualted zircon partition coefficients for
leucogranite sample PAL 7 compared with those
of other selected studies
Leucogranite PAL 7 Bishop Tuff (late) Nagawawa
(This study) Mahood and Hildreth (1970)
(1983) Average
Sc 18.5 60.8 -
La 3.3 26.6 -
Ce 2.4 23.5 2.64
Nd - 22 2.2
Sm 3.7 17.7 3.14
Eu 3.4 12 3.14
Gd 13.9 - 12.0
Tb 26.3 37 -
Ho 84.6 - -
Yb 225 490 270
Lu 300 635 323
Hf 1190 2645 -
Ta 4.8 54.8 -
Th 14.8 62.4 -
U 173 298 -
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Figure 4.12 Diagram comparing calculated sphene REE partition
coefficients for leucogranit.e sample PAL 7 with other 
published values.
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and Pearson, 1983). The relatively oxidised conditions in the 
leucogranite sample probably caused most Eu to be present in the tri- 
valent state, therefore partitioning in a similar way to the other 
REE.
The sphene partition coefficients determined by Luhr et_ a l .
(1984) are rather surprisingly similar to the values calculated here 
for a much more silica-rich whole rock. However, the composition of 
the volcanic glass containing the sphene phenocrysts is only somewhat 
lower (3-4%) in silica content than the leucogranite. Therefore, the 
larger partition coeficients for many elements (MREE, HREE, Ta, U) in 
the leucogranite can be attributed to a more polymerised melt than in 
the volcanic rock, whereas the similar partition coefficients for Th, 
La, Ce, Nd and Hf between the volcanic and plutonic sphene probably 
reflect the relative equilibrium phase assemblages. The volcanic 
sphene partition coefficient ratio of Th/U is 1.7 compared to 0.8 for 
the leucogranite. The lower Th/U partition coefficient ratio of the 
leucogranite is attributed to Th contained in allanite, which is 
absent from the volcanic assemblage. The leucogranite sphene U, 
middle and heavy REE partition coefficients are about twice those in 
the volcanic rock, whereas the leucogranite sphene partition 
coefficients for elements concentrated by allanite (La, Ce, Nd and Th) 
are close to those in the volcanic sphene. Clearly, the presence of 
allanite in the leucogranite has reduced the effective partition 
coefficients for these elements in the sphene. A similar case can be 
made for zircon equilibrium causing the low apparent Hf sphene
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partition coefficient in the leucogranite relative to the volcanic 
sphene.
Calculated REE partition coefficients for the leucogranite 
apatite are compared with other values from experimental and volcanic 
studies in Figure 4.13. The leucogranite REE partitioning pattern is 
similar to the other studies, although with a somewhat higher 
HREE LREE ratio. This is probably due to equilibrium effects with 
co-existing sphene and/or allanite. The higher partition coefficient 
for La than Ce in the leucogranite apatite suggests equilibrium with 
sphene was more important than allanite for this phase. This is 
attributed to Ce being partitioned more strongly than La (factor of 
2) into sphene (Green and Pearson, 1983; Luhr e_t aj_. , 1984). 
Therefore, the higher partition coefficients for HREE than for LREE in 
the leucogranite apatite is probably due to equilibrium with sphene. 
Overall, the leucogranite apatite REE partition coefficients are 2 to 
4 times higher than those determined by Luhr et_ al^ . (1984) which is 
consistent with a higher degree of melt polymerisation in the 
leucogranite. The Th to U partition coefficient ratio is lower in the 
leucogranite than in the volcanic apatite (0.45 versus 0.97 
respectively). This probably results from Th being concentrated away 
from the apatite by sphene, allanite and/or thorite in the 
leucogranite. Partition coefficients for Hf and Zr in the 
leucogranite apatite are nearly the same, as should be the case due to 
the similar ionic radii and charge of these elements. However, the 
high Hf and Zr partition coefficients in the leucogranite apatite are 
enigmatic, since zircon and sphene which concentrate these elements
.
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are present. As yet, not enough data are currently published on trace 
elements in apatite to fully assess the presence of Hf and Zr, 
however, the origin could be due to minute zircon inclusions.
Calculated partition coefficients for allanite are intermediate 
to those from rhyolites (Figure 4.14) (Brooks et al_,, 1981; Mahood and 
Hildreth, 1983). It must be emphasised that the leucogranite allanite 
is compositionally zoned, and calculated partition coefficients are 
therefore averages. However, in comparing allanite partition 
coefficients for the leucogranite with those of the rhyolites suggests 
these values are reasonable. The very high Sc partition coefficients 
for the Bishop Tuff aJlanites compared to the leucogranite may reflect 
the absence of sphene.
Zircon REE partition coefficients for the leucogranites are 
compared with other values determined from experimental and volcanic 
studies in Figure 4.15. The general agreement between other published 
zircon partition coefficients is excellent. REE partition
coefficients for zircon from the Bishop Tuff (early) are about 2 to 3 
times higher than for the McMurry Meadows leucogranite.
The larger REE partition coefficients for the Bishop Tuff are 
predictable from the higher silica content of this rock (i.e. higher 
degree of melt polymerisation). The very low partition coefficients 
for T h , Ta and Sc in the leucogranite relative to the Bishop Tuff may 
be attributed to the presence of sphene in the plutonic sample.
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Figure 4.14 Diagram comparing calculated allanite REE partition
coefficients for leucogranite sampJe PAL 7 with other 
published values.
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4.6 PARTITION COEFFICIENT EQUILIBRIUM IN GRANITES: SOME
CONSIDERATIONS
The partition coefficients calculated for the phases separated 
from the leucogranite compare remarkably well with other published 
values for most elements. The few leucogranite partition coefficients 
which deviate significantly from those of crystal/glass determinations 
are evidently due to trace element equilibrium between co-existing 
phases. Thus partitioning equilibrium between phases is apparently an 
important factor influencing the composition of plutonic accessory 
minerals. However, because of the more complex charge-balancing 
substitutions and high concentrations of trace elements in these 
minerals, Henry's law of dilute-solution or Rayleigh distillation __ 
models cannot always be assumed.
Even though slowly cooled plutonic rocks can be considered to 
have established a high degree of equilibrium between phases, the true 
equilibrium may not be predicted solely from the relative partition 
coefficient values. REE zoning in some plutonic accessory minerals 
clearly exhibit variations which can be related to precipitation of 
new liquidus phases (Sawka et_ aj_. , 1984; Sawka and Chappell, 1985). 
The preservation of REE, U, T h , etc. zoning in plutonic accessory 
minerals indicates slow diffusion rates for these elements within the 
phases and/or the melt.
The interactive kinetic factors involved in establishing 
partitioning equilibrium between plutonic phases must be enormous
m
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(Hart and Allegre, 1980; Albarede and Bollinga, 1972; Gamble and 
Taylor, 1980). As yet, most of these kinetic factors are beyond 
current natural data to quantify in geologic systems. Some of the 
factors discussed below may govern the establishment of partitioning 
equilibrium in granites.
As a number of phases crystallise from a melt, each phase will
have a different tendency to re-equilibrate with the changing melt
composition. Therefore, both surface equilibrium and Rayleigh
distillation models could be required to describe different phases in
the same magma. Next, will adsorption of the elements concerned
significantly influence melt activity variations during solidification
(Dowty, 1977)? It must be remembered that adsorption of elements will
occur in phases according to the rules of Goldschmidt (1937), and/or
Pauling (1960). Therefore, in granites, adsorption effects could
alter the apparent partitioning of the trace elements in some late
crystallising phases. During crystal growth, will an element diffuse
rapidly enough through the melt to keep a compositional boundary layer
from forming around the crystal (Gamble and Taylor, 1980)? This is a
particularly important consideration in holocrystalline rocks, because
crystal growth rates will probably change during solidification while
the melt structure evolves (polymerisation, volatile complexing etc.)
which could change the diffusion rate of an element. Smith et_ al .
(1955) considered the interplay of crystal growth rates and element
diffusion rates. Where diffusion rates for an element are 'slow'
compared to the growth rate of the crystal an 'effective' partition 
coefficient may be calculated (op. cit.). Yet for granites with large

85
crystal sizes and slow diffusion rates (<10-10cm2/sec) due to low 
temperatures could lead to large differences between actual and 
effective partition coefficients.
These problems notwithstanding, it is possible to make a few 
generalisations about accessory mineral partitioning equilibrium in 
the leucogranite. Even though partition coefficients for La and Th 
are much greater for allanite than sphene, the greater abundance of 
sphene was probably more important in establishing equilibrium with 
apatite and zircon. This may be implied from the relative La and/or 
Ta partition coefficient variations in apatite and zircon, discussed 
earlier. Apparently this is due to either the crystallisation 
sequence or the kinetic effect of more sphene crystals which are 
closely spaced rather than very few widely separated allanite 
crystals.
A further important consideration remains, which is, the amount 
each accessory mineral contributes to the whole rock trace element 
totals, and how this might change with differentation.
As differentiation of a granite magma proceeds, many elements 
which are essential accessory mineral components (P, Ca, Ti and Zr) 
can become severely depleted in the melt. This process could lead to 
either higher concentrations of trace elements in the existing 
accessory minerals and/or non-mineralogic (grain boundary) sites for 
the trace elements. In order to evaluate this process the fractional 
contribution of the accessory minerals to the whole rock trace element
'
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totals must be known. The major problem associated with this 
assessment is the modal abundance of the minerals concerned. 
Accessory mineral abundances from point counting determinations are 
far too unreliable, but satisfactory for the rock forming mafic 
silicates. Therefore, calculated accessory mineral abundances from 
whole rock geochemistry will be used in preference to the point 
counting abundances. Although there are inaccuracies in calculating 
accessory mineral abundances, the errors should be systematic.
The calculated abundances of accessory minerals used to determine 
the relative contributions to whole rock trace element concentrations 
are given in Table 4.4. The abundance of apatite was determined by 
the standard CPIW norm calculation. The abundance of zircon was 
calculated at 0.1% per 700ppm Zr in the whole rock, irrespective of 
the Zr contained in any other mineral. This will tend to somewhat 
overestimate the abundance of zircon in the rocks. The abundance of 
sphene was calculated by assuming that all of the whole rock Ta was in 
this phase (Wyborn, 1983; Fourcade and Allegre, 1981; Noyles et_ al . , 
1983). Once again, this will tend to over-estimate the amount of 
sphene in the rocks. The abundance of allanite was calculated by 
assuming that all La not accounted for by the above phases, was 
contained in this phase. La was preferred over Th for this calculation 
since all of these rocks contain minute amounts of thorite. It is 
emphasised that the calculated mineral contributions to the whole rock 
trace elments total are subject to relatively large errors due to 
compositional zoning in the phases. This is a particularly large

Table 4.4 Mineral abundances (volume %) used for calculation of rock budget diagrams 
(Figures 4.16 and 4.17)
Sample PAL 53 65 56 57 30 22 7 72 Source
%
Clinopyroxene 0.7 5.1 _ — - — - - point count
Hornblende 30.4 - 6.7 14 .7 11.4 2.0 - - point count
Allanite - - - - - 0 . 039 0.048 0.031 calculated
Zircon 0.028 0.021 0.020 0.023 0.026 0.032 0.032 0.009 calculated
Apatite 1 .86 0.58 0.49 0.72 0.53 0.37 0.21 0 . 05 CPIW norm.
Sphene 0.49 0.36 0.61 0.78 0.54 0.45 0.47 0 . 22 calculated
8
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effect for allanite and sphene which are strongly zoned in LREE, Th 
and REE and U, respectively.
4.6.1 The Tinemaha pluton
The fractional contributions of analysed minerals to whole rock 
REE, Th and U abundances for the Tinemaha pluton samples are presented 
in Figure 4.16A-D. In all samples, sphene is by far the dominant site 
for REE, Th and U (except for U in PAL 53). Zircon always contributes 
no more than 7% of the whole rock REE, U and Th concentrations. 
Hornblende, or clinopyroxene when hornblende is absent and apatite 
each control between 5 and 30?» of the whole rock REE abundances. The 
calculated LREE totals are always significantly lower than the 
measured amounts and imply the existence of a phase such as allanite 
in even the most mafic samples. Alternatively, the REE could be 
concentrated in late-forming sphene which often occurs as inclusions 
in biotite (see Sawka and Chappell, 1985). The sample likely to have 
had the highest volatile content, the high elevation granitoid (PAL 
56) exhibits the largest deficiency in both Th and U. In all samples 
the deficiency of Th could be attributed to the presence of allanite 
and/or thorite. The U deficiency in the calculated rock budgets can 
be partly attributed to zoning in sphene, however, may also reflect 
late-stage sphene growths and/or a non-mineral grain boundary 
distribution (op. cit.).
In the mafic inclusion (Figure 4.16A), apatite is a more 
important site for REE than either hornblende or clinopyroxene.
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Figure 4.16 A-D Rock budget diagrams calculated for samples from
the Tinemaha pluton. Diagrams illustrate the percentage 
contribution of each mineral to the total whole rock 
abundance of U, Th and RF.E.
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Clearly, if such apatite is refractory in the source region, it could 
have an important influence on granite REE, U and Th abundances 
(Harrison and Watson, 1984; Watson and Green, 1981). The largest 
proportion of these elements in the mafic inclusion occur in sphene, 
which could also be refractory in the source region (Heilman and 
Green, 197<?) , whereas even though zircon may be a residual phase in 
many cases (Watson and Harrison, 1983), this would have little effect 
on whole rock REE, U and Th abundances.
At the outer margin of the Tinemaha pluton, biotite and 
clinopyroxene are the most abundant phases. It is clear from Figure 
4.16B that in the absence of hornblende, clinopyroxene is a major HREE 
site. It is important to note the large LREE proportion contained in 
apatite of this sample. Fractionation of this apatite would affect 
mainly the LREE rather than the HREE as would be predicted from 
partition coefficients (see Figure 4.13).
The lower modal concentration of hornblende in the high elevation 
sample (PAL 57) compared to the low elevation sample (PAL 56) is 
counterbalanced by a higher REE proportion in sphene and apatite to a 
lesser extent.
4.6.2 The McMurry Meadows pluton
Diagrams illustrating the calculated contribution of the analysed 
minerals to whole rock REE, U and Th totals are presented in Figure 
4.17A-D. Unique to the mafic margin of the McMurry Meadows pluton, is
88a
Figure 4.17 A-D Rock budget diagrams calculated for samples from 
the McMurry Meadows pluton. Diagrams illustrate the 
percentage contribution of each mineral to the total 
whole rock abundance of IJ, Th and RFE.
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an REE contribution to the whole rock by hornblende which is greater 
than that of sphene (Figure 4.17A). In all other cases for the 
Palisade Crest plutons, sphene is the dominant REE site. The high 
proportion of REE in this hornblende is attributed to the late 
magmatic crystallisation of sphene. This is consistent with the 
textural relationships in the rock, as hornblende is euhedral while 
sphene is interstitial. Hornblende which coexists with both euhedral 
sphene and allanite contains only a small amount of the whole rock 
HREE ( 10%) and even less of the LREE (Figure 4.17B).
The relatively high whole rock totals (>100%) for the REE are 
probably a reflection of the compositional zoning of these elements in 
the phases. However, for comparative purposes these totals are 
adequate. For example, even though the REE are calcualted to totals 
of more than 100%, the corresponding Th and U totals are still up to 
90% deficient of the whole rock abundances. These low calculated 
totals for U and Th probably reflect that these elements are being 
enriched in the rims of sphene and allanite (respectively) and/or non- 
mineral grain boundary sites.
As in the Tinemaha pluton, zircon is always a minor site for REE, 
U and Th in the McMurry Meadows pluton. Allanite contributes 
significantly only to the whole rock totals for LREE and T h . The 
negative Ce anomaly in the allanite contribution in Figure 4.17B is 
attributed to early crystallization of sphene which depletes the melt 
in that component. In the most silica-rich granite (PAL 72) apatite
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exhibits marked depletions in whole rock contributions to LREE and 
HREE.
4.7 REE-TH, U EXCHANGE IN SPHENE AND ALLANITE
It has been suggested by Gromet and Silver (1983) that there is a 
charge-balanced substitution in allanite where:
Ca2+ + Th4+ 5 2 REE3+
A similar relationship could also exist for both U4+ and Th4 +
with the REE3+ in sphene. However, the relationship is somewhat more
complicated in sphene since REE3+ are substituted into the Ca2 + site 
in sphene where:
Ca2+2n + Ti4+n ^  REE3+2n + Fe2+n [n=0.42 (Exley, 1980)]
The Th4+ and U4+ are also thought to be located in the Ca2 + site 
in sphene (Ribbe, 1982). Substitution of these elements would require 
another charge-balancing relationship such as :
2Ca2 + + Ti4+ S 2(U , Th )4+ + Q
This type of substitution could be important as the activities of
Ca2+ and Ti4+ decrease in the melt as crystallisation proceeds. If
such relationships exist, then this could be an important process in
91
sequentially fixing either the REE or U and Th in mineral sites 
during whole rock fractionation.
The high elevation Tinemaha pluton sphene (PAL 56) contains less
Th and more La than that of the low elevation (PAL 57). Therefore,
the lower Th content of the high elevation sphene cannot be totally
related to co-existence with additional allanite, since this would
influence the La concentration even more. Similar arguments apply to
REE-Th, U exchange in the McMurry Meadows pluton sphenes. Figure
4.18A, B illustrate the relationship between LREE and U and Th in the
sphenes and allanites analysed. For sphenes from non-clinopyroxene-
bearing granitoids with le'ss than 75% Si02 the counterbalancing
relationship of REE with U and Th appears to hold, whereas the charge
balancing substitution for REE with Th in allanite (Gromet and Silver,
1983) does not describe the changing composition of allanites during
fractionation. This substitution (op. cit.) appears to be limited to
the zoning in only some allanite occurrences, probably relfecting
local phase equilibrium. Allanites, however, do not always have Th-
enriched and REE-depleted rims compositions (see allanite analyses in
Sawka and Chappell, 1985A; Sawka, Chappell and Kistler, 1985). Both
Th and REE may be depleted relative to core compositions in some cases 
(op. cit.). Therefore, the compositional zoning of allanite may, in
some cases, trend toward a REE- and Th-poor epidote end member.
These results indicate that the exchange of REE with Th and U in 
sphene and allanite are most probably governed by local equilibrium 
factors. Thus, simple exchange reactions cannot be used to predict
ARROWS INDICATE INCREASING WHOLE ROCK SILICA
9000 12000 15000 18000 
ppm Total REE
150000 180000 
t o t a  1 REE (PPM)
Figure 4.18 Diagram showing the relationship between total La, C e , 
N d , Sm and combined U and Th abundances in the analysed 
(A) sphene and (B) allanites.
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the compositional variations in sphene and allanite during magma 
fractionation or in refractory source regions.
4.8 REE VARATIONS IN HORNBLENDE
Hornblende fractionation is considered to be an important 
constraint in determining a magma REE evolution (Arth and Barker, 
1976; Hanson, 1980). In general, partition coefficients for the REE, 
other than La and C e , in hornblende are greater than one (op. cit.). 
Therefore, hornblende fractionation from an evolving magma should 
normally cause depletion of middle and heavy REE, while corresponding 
hornblende cumulate rocks will be enriched in these components.
In the Tinemaha pluton, the mafic inclusion hornblende (PAL 53) 
has whole rock normalised REE values of less than one (Figure 4.3B). 
Hornblende from the low elevation granitoid (PAL 57) has whole rock 
normalised values of less than one for all REE except Ho, Yb and Lu. 
The low (<1) rock normalised values for REE imply that upon 
fractionation of these hornblendes, middle and/or heavy REE could be 
enriched rather than depleted from the magma. These low rock 
normalised REE hornblende values are most likely to be caused by 
equilibrium with sphene, but not by partition coefficients values of 
less than one. Hornblende and sphene have very similar REE 
partitioning characteristics, though different in magnitude. Thus, 
geochemical models thought to be indicative of hornblende involvement 
are also largely compatible with hornblende and/or sphene
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fractionation, or residuals. However, solely hornblende involvement 
should in general increase La and Ce concentrations in fractionated 
melts, unlike the case when sphene is also involved.
Fractionation of magmas containing phenocrysts of hornblende and 
sphene in REE equilibrium could cause some rather unexpected results. 
Size sorting of crystal phases in magmas may occur by either flowage 
differentiation or, less likely, by gravity settling. An example of 
gravity settling is used only for illustrative purposes here; no 
particular natural system is inferred. Figure 4.19 illustrates the 
relative settling velocities of sphene and hornblende in a granite 
melt as a function of shape and grainsize. For example, hornblende 
2mm in diameter has the same settling velocity of sphene 0.7mm in 
diameter. However, if the sphene is 0.4mm in diameter, 2mm diameter 
hornblende would have a settling velocity three times faster. 
Therefore, a hornblende cumulate rock could be formed without cumulate 
sphene, from a parent magma containing phenocrysts of both phases. 
The implication is that the hornblende cumulate rock would contain 
very low REE abundances due to the earlier equilibrium with sphene, 
whereas the REE content of the magma still containing the sphene 
phenocrysts and from which the hornblende was removed, would be little 
changed. Standard geochemical modelling applied to the hornblende 
cumulate rock would seriously under-estimate the parent magma REE 
content. Thus. REE equilibrium between sphene and hornblende in 
hydrous magmas may yield cumulate rocks erroneously suggestive of an 
REE depleted parent magma. Therefore, the presence of sphene as an 
early liquidus phase could govern whether hornblende cumulates will be
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.19 Diagram showing the settling velocities of sphene and 
allanite as a function of size. Hornblende was treated 
as cylindrical rods with a length of diameter 
ratio of 5. Rods settle with the shortest dimension in 
the direction of motion. Sphene was treated as spheres. 
Granitic liquid is assumed to have a viscosity of 10 
poises and a density of 2.4g/cc. Hornblende density 
assumed constant at 3.3g/cc and sphene density assumed 
constant at 3.5g/cc (modified from Shaw, 1965).
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either enriched or depleted in REE. This model may be particularly 
applicable to appinites associated with granite batholiths. It is 
precisely this type of early sphene crystallisation which caused the 
low REE abundances in the Tinemaha pluton hornblende compared to that 
of the McMurry Meadows pluton (Figures 4.3B and 4.4B). However, in 
this case the sphene was not fractionated away from the hornblende.
4.9 CONCLUSIONS
Two compositionally similar plutons from the Palisade Crest 
intrusive suite exhibit an enormous range of trace element variations 
in clinopyroxene, hornblende and accessory minerals. These
compositional variations in the minerals do not, in general, follow 
simple fractionation trends, but rather reflect relative degrees of 
local compositional equilibrium between phases. These compositional 
changes are not easily predictable, particularly at either high (>72%) 
or low (<60%) silica concentrations.
Sphene and allanite are normally, but not exclusively the major 
whole rock reservoirs for U, Th and REE in the granites. When sphene 
is not an early liquidus phase, hornblende will contain the majority 
of middle and heavy REE in the rock. It is significant that the late 
crystallisation of interstitial sphene does not apparently scavenge 
any appreciable amount of REE concentrated by the early formed 
hornblende. The REE content of hornblende is determined mainly by the 
relative crystallisation order with sphene.
In general, both apatite and zircon concentrate only a small 
proportion of the whole rock U, Th and REE abundances, even in the 
most felsic granites. However, apatite from the mafic inclusion 
contained more than 20% of the whole rock U, Th and REE. Therefore, 
the greatest importance of apatite is probably as a sink for these 
elements in mafic (refractory?) material associated with the 
granites.
Partition coefficients derived for the accessory minerals in a 
leucogranite, agree well with those from experimental and volcanic 
systems. Therefore it does not appear that subsolidus redistributions 
of REE occur in granites to any significant extent.
It is hoped that constraints developed here will enable future 
geochemical modelling of these granites to be more representative of 
processes actually occurring during magma fractionation.
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5.1 INTRODUCTION
This study documents the compositional zoning of a tonalite- 
trondhjemite intrusion in terms of the magma chamber evolution. 
Initially the study of zoned plutons was used in the development of 
models for comagmatic plutonic sequences (Bateman and Dodge, 1970; 
Bateman and Chappell, 1979). The interpretation of zoned granitoid 
plutons is now becoming increasingly important in developing dynamic 
magma chamber models (Barnes, 1983; Miller and Mittlefehldt, 1984). — - 
Even though the magmatic history of granitoids is, in general, more 
difficult to interpret than in volcanic rocks (Hildreth, 1981), the 
morphology of granitoid magma chambers and intrusive relations provide 
powerful constraints that are not available in erupted systems.
Previous studies of compositional zoning in the Sierra Nevada 
batholith have demonstrated that two mechanisms are capable of 
explaining the observed features. These are: (1) marginal accretion 
of crystals with inward displacement of melt, and (2) downward 
settling of crystals accompanied by upward melt movement (Bateman and 
Chappell, 1979; Bateman and Nokleberg, 1978). Recent fluid dynamic 
experiments have identified the importance of sidewall crystallisation 
(i.e. a modified marginal accretion process) in stratification and 
differentiation of magma chambers (Turner, 1980; McBirney, 1981). 
This model has now been found to be applicable to compositional zoning 
in plutons Wyborn, 1983; Sawka ejt aj_. , 1984; Sawka e_t al. , 1985A) . 
According to the model (Turner, 1980; McBirney, 1981), differentiation 
occurs by sidewall crystallisation reducing the nearby melt density.
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The lower density melt then rises buoyantly upward as a boundary 
layer. The less dense differentiated melt may then spread out as 
sheets at the magma chamber top or pool downward depending on the 
rheology and/or cooling rate, among other factors.
In this paper we present Sr isotope, major and trace element data 
on whole rocks, together with trace element data on some mineral 
separates on the Bald Rock pluton of the Sierra Nevada batholith. 
These data allow us to trace the evolution of a magma chamber and 
infer the nature of any volcanic activity which may have occurred.
Twenty-nine samples were collected throughout the southern 
portion of the pluton. Modes for all samples were measured by point 
counting on stained slabs and in at least two thin sections. 
Twenty-two samples were chemically analysed by X-ray fluorescence 
spectrometry, thirteen by instrumental activation analysis and eleven 
for strontium isotopes. Analytical techniques are summarised in Sawka 
and Chappell (1985).
5.2 GEOLOGIC SETTING
The Bald Rock pluton is located in the northern Sierra Nevada, 
California, about 15km northeast of the city of Oroville. The pluton 
is one of several plutons located about 30km west of the main Sierra 
Nevada batholith (Figure 5.1). The pluton is bounded by two tectonic 
terraines: (1) the Central belt, consisting of diverse Upper 
Palaeozoic-Lower Mesozoic oceanic sediments and ophiolitic rocks and
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Figure 5.1 Simplified geologic map of the northwestern Sierra
Nevada showing the location of the Bald Rock pluton. Redrawn from 
Hietanen (1976) and Moores and Day (1984).
CENTRAL BELT- Upper Paleozoic Mesozoic oceanic 
sediments, and Jurassic ophiolitic rocks.
*. ; • SMARTVILLE OR WESTERN JURASSIC BELT- Ophiolitic
sequence.
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(2) the Smartville Belt, consisting of an ophiolitic sequence (Moores 
and Day, 1984). The southern portion of the pluton was mapped in 
detail by Compton (1955). Subsequently, Hietanen (1976; 1981) mapped 
the northern extent of the pluton, discovering a lobe of the 
Bald Rock pluton which extended eastward intruding the Cascade pluton 
(Figure 5.1).
The structural relationships in the pluton were discussed in 
detail by Compton (1955) and are briefly summarised here. The pluton 
is concentrically zoned with an outer rim of tonalité grading inward 
to a core of trondhjemite (Figure 5.2A). Primary igneous flow 
foliation is well-developed within the pluton and is generally 
parallel to the external contacts and steeply (-80°) dipping outward. 
The contact zone between the country rocks and the tonalité is 
generally migmatite. Protoclastically deformed granitoids occur in 
the outermost margins of the pluton, especially along the western 
side. Mafic inclusions are generally restricted to the tonalités. The 
contact between the tonalité and trondhjemite is gradational within 
the northern and western portions of the pluton. However, the eastern 
and southern tonalite-trondhjemite contacts are rather abrupt, 
probably representing local intrusive unconformities, as granulation 
is absent (Compton, 1955). Aplite and pegmatite dyke swarms radiate 
from the centre of the pluton. these dyke swarms are typically either 
vertical or steeply dipping (>70°), and mainly occur within the 
trondhjemite (Figure 5.2B). The aplites which occurs in the tonalité 
comprise larger intrusive masses. These also radiate from the 
pluton's centre, except for the largest aplite mass (Figure 5.2).
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Figure 5.2A Geologic map of the Bald Rock pluton, redrawn after Compton(1955). 
(FACING PAGE)
Figure 5.2B Map showing the locations of steeply deeping(more than 75°) 
aplite and pegmatite dykes in the Bald Rock pluton. Area and scale of 
the map is the same as in Figure 5.2A. (BELOW)
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5.3 ISOTOPE GEOLOGY
Uranium-lead isotopic ratios were measured from zircon separated 
from sample BR-1 and calculated ages are presented in Table 5.1. The 
relatively young age of the pluton, combined with the low 
concentrations of uranium and lead in the zircon probably account for 
the discordant ages: 130Ma (206), 125Ma (207) and 112Ma (208). 
Everden and Kistler (1970) reported a hornblende K-Ar age for the Bald 
Rock pluton of 133Ma (corrected for later decay constant). Due to the 
discordance of the zircon age we consider the hornblende, 133Ma age as 
that of the plutonic emplacement event.
Strontium isotopic ratios measured in 8 rocks from the Bald Rock 
pluton, along with calculated initial 87Sr/86Sr ratios at 133Ma BP are 
presented in Table 5.2. The variation in initial ratio (between the 
tonalite and trondhjemite with the assumption all rocks are the same 
age), is 0.00017. The difference in initial ratio between the rock 
types is too large to ascribe to radiogenic growth during 
solidification, because this would require nearly 40Ma to develop in 
these rocks.
The gradational contact between the tonalite and trondhjemite 
argues against multiple intrusion by isotopically distinct magmas, yet 
this cannot be entirely ruled out. At present our data are not 
extensive enough to be able to differentiate between either: (1) wall- 
rock contamination, or (2) isotopic disequilibrium between solid 
restite and melt phases during differentiation of the pluton. Clearly
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Table 5.1: Isotopic results for zircon from the Bald Rock pluton
Sample
Age. m.y 
206pb 207pb
238 2 3 ~ jj
2 ° 8pb
Pb
ppm
U Th
Atomic ratios 
208pb 207pb
206pb 206pb
204Pb
206pb
BR-1 129.8 124.5 111.6 5.86 280.4 90.87 0.119630 0.057900 0.00770
Table 5.2: Whole rock Sr isotopic results for the Bald Rock pluton
Calc. i
Sample No. Rb Sr Rb/Sr 87Sr/86Sr 87Sr/87Sr= i @ 133 m.y.
BR-1 33.0 475 0.0695 0.201 0.70398^2 0.70360
BR-3 32.5 509 0.064 0.185 0.70415^1 0.70380
BR-4 45.5 430 0. 106 0.307 0.70417±2 0.70359
BR-5 22.0 498 0.044 0.127 0.70399+_2 0.70375
BR-7 43.0 445 0.097 0.279 0.70428^2 0.70375
BR-14 30.5 496 0.062 0. 179 0.70397^3 0.70363
BR-16 22 . 5 490 0.046 0.133 0.70391+2 0.70366
BR-20 36.0 426 0.085 0.244 0.70416+1 0.70370
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either process could produce these relatively small variations in 
initial ratios, unlike some larger variations which would require 
magma mixing (Stephens and Halliday, 1979; Kistler et a l . , 1984).
5.4 PETROGRAPHY
Representative modal analyses of the Bald Rock pluton are 
presented in Table 5.3. Figure 5.3A illustrates the transitional 
variations in felsic constituents between rock types in the pluton.
The best mineralogical distinction between the tonalité and 
trondhjemite rock groups is total mafic mineral content as shown in 
Figure 5.3B. In his study of the pluton, Compton (1955) stressed the 
gradational although erratic transitions in mineralogy between the 
rock types. The point at which hornblende becomes absent does however 
mark a significant transition in plagioclase compositions (op. cit.) 
shown in Figure 5.4. The hornblende-free trondhjemites have zoned 
plagioclase core compositions which correspond to the rims of the 
tonalité plagioclase ( A n 2 g)-
The textural and minéralogie variations which occur within each 
rock type are shown in Plates 5.1-2. In both the tonalité and 
trondhjemite, the average gralnsize remains approximately constant; 
K-feldpsar is either absent or interstitial. Quartz is interstitial 
or subhedral in the tonalité, with euhedral hornblende or plagioclase 
forming largest crystals. The tonalités all contain pleochroic 
euhedral, light brown, olive, blue-green hornblende and euhedral 
light brown, olive to dark brown biotite. Sphene is subhedral in the

Table 5.3: Modes for samples from the Bald Rock pluton
BR- 1 > 21 41 5 6 7 10 11 12 14 15 16 17 18 19 20 21
Q u a r t z 22 .6 22. 8 29. 9 22. 6 27 .5 26. 5 30. 2 26. 7 25. 7 27 .9 18.6 18 .3 17 .2 16. 5 18 .9 19. 4 28 .8 31 .5
P l a g i o c l a s e 54 .5 54 .2 55. 2 53. 3 63. 5 62. 6 56. 4 62. 9 63. 6 61 .2 62.6 59. 1 55. 3 60. 1 57. 4 54 .8 59. 3 55. 6
K - f e l d s p a r 1 .7 4 .8 9. 5 2. 9 0. 1 3. 9 9. 0 5. 4 7 .8 5. 1 0.9 0. 7 0 0. 1 0 0 6. 4 5 .9
B io ti t e 11 .9 9. 2 4 .2 10. 4 8. 2 5. 3 3. 0 4 .3 1. 9 4 .7 11.2 9. 5 12. 9 10. 4 8. 9 11 .4 4 .9 6 .4
H o r n b l e n d e 8. 6 7. 9 10. 6 0 5.8 10. 0 13. 4 12 .2 14 .0 13. 6
S phene <.. 1 0. 1 0 0 0.2 <0 , 1 0.. 1 0. 2 0. 2
C h l o ri te <0. 1 -
E pi do t e 0 .4 0..8 0. 1 0 0., 1 0. 1 <0.. 1 0..3 0..2 0..2 0.1 1..7 0..4 0. 3 <0.. 1 0. 2 <0.. 1
M ag neti te 0,.3 0..3 0. 1 <0.. 1 0. 5 0. 4 0..6 0..3 0.. 1 0..4 0.4 0..4 0..6 0. 2 0..5 0.,7 0. 3 0 . 5
Muscovi te 0 0 0..9 0 < .. 1 1. 2 0..7 <0 . 1 0..7 0..5 trace 0 .3 0
A pa t i t e <0 . 1 <0 . 1 <0 . 1 <0.. 1 0 0 <0 .1 <0.. 1 <0.1 <0 . 1 <0.. 1 0 . 1 <0.. 1 0.. 1 0., 1
Total 100 .0 100 . 1 100,.0 100 .0 100 .0 100..0 100 .0 100 .0 100 .0 100 .0 100.0 100 .0 100 .0 100 .0 100 .0 100 . 0 100..0 100 .0
C ol ou r  index 21 .2 18 .2 5 .4 21 .2 8 .9 7 .0 4 .4 5 .0 2 .9 5 .8 17.9 21 .9 27 .5 23 .3 23 .7 25 .8 5 .5 7 .0
SG 2 .73 2 .72 2 . 64 2 .68 2 . 62 2 .61 2 .64 2 .63 2 .63 2 .63 2.71 2 .74 2 .77 2 .75 2 .75 2 .76 2 .66 2 . 67

QUARTZ
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Figure 5.3A Modal plot of quartz, plagioclase and K-feldsepar 
determined from stained slabs. Rock type fields are after Steckeisen. 
1976.
Figure 5.3B Modal plot of quartz, total feldspars and total mafics 
determined from stained slabs.
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Figure 5.4 Compositional zoning in plagioclase with variations in
co-existing hornblende, biotite and muscovite abundances.
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Plate 5.1 The most mafic tonalité, sample BR 16, (left) and 
the most felsic tonalité, sample BR 4, (right). In all plates 
on this page plagipclase and K-feldspar are stained pink and 
yellow, respectively.
Plate 5.2 The most mafic trondhjemite, sample BR 5, (left) and 
the most felsic trondhjemite, sample BR 3, (right).
lOle
Plate 5.3 Euhedral epidote(magmatic) included in the rim of a biotite
crystal , sample BR22. Plane polarized light (top) and cross polarized
light (bottom).
m
m
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Plate 5.4 Euhedral optically zoned allanite in sample BR-1. Plane
polarized light (top) , cross polarized light (bottom).
lOlg
Plate 5.5 Biotite coexisting.with muscovite in sample BR-3 . Plane
polarized light (top) and cross polarized light (bottom) .
lOlh
Plate 5.6 Monazite with a pleochroic halo developed in the adjacent
biotite, sample BR-3. Plane polarized light (top) and cross polarized
light (bottom).
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tonalité, and is absent from all trondhjemites. In the tonalité, 
sphene is infrequently included in biotite. Apatite and magnetite form 
euhedral blocky grains which are frequently included in biotite and 
occasionally in hornblende. Anhedral to euhedral epidote occurs in 
both the tonalité and trondhjemite (Plate 5.3). Euhedral epidote is 
often included within the rims of biotite. These epidote crystals are 
magmatlc based on the textural grounds of Zen and Hammarstrom 
(1984). Optically zoned dark brown allanite occurs sparsely 
throughout the tonalité (Plate 5.4).
The trondhjemite contains euhedral to subhedral muscovite which 
is normally associated with pleochroic light olive brown to dark brown 
biotite (Plate 5.5). According to the textural grounds of Miller et^ 
a l ., (1981), most muscovite in the trondhjemite would be of magmatlc 
origin. Magnetite occurs throughout the pluton, as does zircon. 
Sparse monazite is present only in the trondhjemite (Plate
5.6). Secondary chlorite, muscovite and epidote are frequently 
present in small amounts in most samples. Other petrologic 
descriptions of the pluton can be found in Compton (1955), 
Hietanen (1976), Larsen and Poldervaart (1961).
5.5 MINERAL CHEMISTRY
The chemistry of major and minor phases were examined in eight 
representative samples, spanning the pluton's compositional range, by 
electron microprobe. Selected mineral separates from samples BR-1 
(tonalité) and BR-3 (trondhjemite) were analysed by INAA. This
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Table 5.4: R ep r e s e n t a t i v e  major and trace e lement analy s es of m i n e ra l s from the Bald Rock pluton
Sample No. BR-16
Horn b le n de
BR-1 BR-4 BR-4 BR-16
B i o ti t e
BR-1 BR-5 BR-3
M uscovi te 
BR-4 BR-3 BR-5
%
s ì o 2 48.31 47.04 46.68 38.12 37.94 37 .35 37.06 36.17 47.76 46.73 46.73
Ti°2
0.67 0.96 1 .09 1 .49 2.39 2.49 2.78 2.69 0 1 .00 0. 24
A l 2°3 7.67 8.45 9.26 16.02 16.02 15.26 16.50 16.41 28.05 30.83 29.07
FeO* 14.15 14 .95 15.43 16.59 16.245 16.25 17.05 20.99 6.48 5.12 5.99
MnO 0.42 0.34 0.34 <0.15 <0.15 0.67 1 .03 - - -
MgO 13.96 12.98 12.69 13.59 13.53 13.07 10.85 9.25 2.47 1 . 29 1 .95
CaO 11 .98 11 .60 11 .69 - - - - - - - -
k 2o 0. 23 0.57 0.58 9.77 9.82 9.60 9.76 9.53 10.92 10.66 10.98
N’a 20 1 .06 1.35 1 .36 - - - - - 0 0.47 0.22
P 2°5 - - - - - - -
- -
Total 9 8.45 98.26 98. 11 95.58 95.96 94 .02 94 .67 96.07 95.68 96. 10 95. 18
ppm
Sc 89 10.7 27.5 69.7
Cr 244 245 6 19
Co 49 79 39 4
Rb - 280 347 229
Sr 110 51 129 -
Zr 122 - 106 174
Mo - - - 3
Sb - 0.1 0.1 -
Cs - 16.0 21.0 6.0
Ba 146 2014 1898 1226
La 12.1 3.4 0.8 3.4
Ce 44 2.6 1.8 7.2
Nd 45 2.0 1.9 3.4
Sm 14.0 0.25 0.4 0.58
Eu 2.79 0.044 0.045 0.054
Gd 11.0 - 0.7 0.3
Tb 1.6 - 0.1 0.1
Ho 2.0 0.05 0.3 0.1
Yb 4.7 0.07 0.9 0.4
Lu 0.68 0.01 0.15 0. 10
Hf 0.8 - 3.9 3.0
Ta - 0.24 4.6 3.0
W 3 17 16 11
Au - - - -
Th 0.5 0.6 0.3 0.8
U 0.3 0.5 0.5 0.4
FeO* - total Iron as FeO
All major elements determined by electron microprobe.
All trace elements determined by INAA except for allanite.
U, Ta, REE and Th in allanite determined by electron microprobe.
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T a b l e  5 4 ( c o n t i
Saaple No
Apat i te 
BR-1 BR-3 BR
7.1 rcon 
-1 BR-3
Sphene
BR-1
M o n az l te  
BR-3
A] lan 1 te 
BR-1 
Core Rim
Epldote 
BR-1 BR 3
\
S i02 0.76 0.56 - 30.24 - 32.20 33. 83 38.06 38 . 20
T i 0 2 - - - 35 . 58 - 0.74 1 .09 -
A l 2°3 - - - 1 .37 - 16.35 16. 06 22.57 21 . 99
FeO* - - - 1 .60 - 13.57 13. 20 13.13 14 04
MnO 0 . 83 - - - - 0.19 0.72
MgO 0.48 0.45 - - - -
CaO 54 . 58 53.61 - 27 .91 - 12.00 11. 1 1 23 . 05 22 . 80
k 2 o - * - - - - -
N a 20 0 . 63 0.66 - - - -
P 2°5 4 1 .86 41 .77 - - - - - -
Tota 1 98.31 97.84 96.70 97.0 97.75
PP"
Sc 0.2 1 .2 54 357 6.7 3 . 8
Cr 225 14 1 58
Co 0.7 3.0 0 .4 13 1.7 5.7
Rb - - - - -
Sr 262 3345 - - -
Zr 1040 3180 341400 365400 4900 1800
Mo 22 - 68 160 83 -
Sb 0 . 4 2.0 6.7 5.9 1 . 1
Cs - 0.5 0 . 1 0.7 0.8
Ba 159 177 2080 - 1776 -
La 206 78 35 3900 680 80800 61200 50100
Ce 498 167 26 7200 3000 153300 104700 78700
Nd 342 135 135 3300 2600 56100 21500 18200
Sm 83 58 5 .1 1012 708 1 1200
Eu 14 5.72 2 .31 41.2 462
Gd 65 60 9 .7 1382 543 6792
Tb 10 . 3 9 . 8 0 .75? 144 91 1057
Ho 8 6 9.5 11 .9 644 97 490
Yb 19. 1 19.2 160 2130 242 499 <0.02 <0. 02
Lu 3.03 2.38 38 .4 337 34 69 -
Hf 19 2 91 4845 14600 47 49 -
Ta - 0.5 0 .3 11 118 2 480 1134
W 3 7 335 201 16 - -
Au 0 . 06 0 . 25 1 . 26 0.14 - -
Th 24 . 0 12.1 163 1530 520 10800 3180 14200
U 16 0 6.5 228 680 ■268 246 327 <308
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examination was undertaken to determine any trace element differences 
between these minerals from a low-K and high-Na trondhjemite suite and 
those from the Palisade Crest, a high K granite suite. Representative 
mineral chemistry of the pluton is given in Table 5.4.
5.5.1 Biotite
Biotite from the tonalite exhibits a relatively steep 
LREE-enriched chondrite normalised pattern, with HREE less than 
chondritic concentration (Figure 5.5). In contrast, biotite from the 
trondhjemite has a slightly HREE-enriched chondrite normalised pattern 
with all abundances above the chondritic pattern, except Eu which 
anomalously negative Eu/Eu*~-28. The biotite from the trondhjemite is 
higher in Sc, Rb and T a , and lower in C r , Co and W compared with the 
tonalite biotite.
For the major elements, biotites from the trondhjemite have 
higher MnO and Ti02 with lower Mg/Mg+Fe than the biotites from the 
tonalite. Biotites throughout the tonalite remain relatively uniform 
in composition, independent of whole rock composition. In contrast, 
biotites from the trondhjemite exhibit continuous increase in Mn and 
FeO with decrease in MgO and Ti02 -
The transition between the tonalite and trondhjemite biotite 
compositions is best illustrated in Figure 5.6A. The biotites 
co-existing with either hornblende or muscovite are typical of the 
tetrahedral A1 trends delineated by Speer (1984) (Figure 5.6B). In
103a
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Figure 5.5 Chondrite normalised REE plot of biotites and muscovite 
mineral separates from the Bald Rock pluton. Biotite: solid symbols - 
BR-1, X symbols BR-3; Muscovite open symbols, BR-3.
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Figure 5. 6 A Biotites from the Bald Rock pluton plotted on a 
triangular diagram of total Fe as FeO, MnO and MgO; total Fe as FeO, 
A I 2 O 3  and MgO. Solid symbols are biotites co-existing with 
hornblende, open symbols are bioties co-existing with muscovite.
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Figure 5.6B Biotite from the Bald Rock pluton, projected onto the 
phlogopite-annite-siderophyllite-eastonite quadrilateral showing the 
increase in A1 and Fe/(Fe+Mg) contents in biotites co-existing with 
hornblende (solid symbols) and muscovite (open symbols).
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the Bald Rock pluton, biotites co-existing with hornblende always have 
MnO contents of less than about 0.2% whereas, biotites co-existing 
with muscovite contain at least 0.5% MnO. However, the extensive data 
of Dodge e_t a_K (1969) indicates a wide range of MnO content (0.1- 
0.9%) of biotite co-existing with other mafic silicates. Biotite 
co-existing with no other mafic silicates throughout the Sierra Nevada 
consistently contain at least 0.5% MnO and may be as high as 1.3% (op. 
cit.).
5.5.2 Muscovite
The muscovite from the trondhjemite normally contains measurable 
Ti02 °f UP to 1-0%. Muscovite from the tonalite does not contain 
detectable Ti02. Muscovites with high Ti02 concentrations (>0.5%) 
have been suggested by Miller e?t_ al_. (1981) to be indicative of 
magmatic crystallisation. Liew (1984) found a nearly continuous range 
of muscovite Ti02 concentration between <0.1% and ~1.2%, yet concluded 
that magmatic muscovite generally had >0.7% Ti02 from textural 
evidence. Monier e_t al_. (.1984) were able to recognise three 
distinctive muscovite compositions related to magmatic, late-post 
magmatic and hydrothermal crystallisation. Muscovites from the 
trondhjemite appear to be indicative of late magmatic origin whereas 
the tonalite muscovites are compositionally hydrothermal (Figure
5.7).
The Ti02-rich muscovite from the trondhjemite has a LREE-enriched 
MREE-depleted chrondrite-normalised pattern (Figure 5.5). Relative to
104a
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Figure 5.7 Compositions of muscovites of the Bald Rock pluton
projected onto the T i Û 2  - total Fe as F e 2 Û 3  " compositonal
t r iangle.
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the co-existing biotite, the muscovite is enriched in LREE, Sc, and Cr 
and relatively depleted in HREE, Rb, Co, Cs , B a , W and T a .
5.5.3 Hornblende
Hornblende compositions exhibit small variations with 
fractionation, with only a slight decrease in Mg/Mg+Fe and 
corresponding increases in Ti02 and A1203 . These hornblende 
compositions are typical of those found by Dodge et al_. (1968) for the 
western Sierra Nevada batholith (Figure 5.8).
Hornblende from the tonalite contains REE abundances that are 
higher than those of the whole-rock, except for La (Figure 5.9). This 
hornblende exhibits a Nd- and Sm-enriched chondrite normalised REE 
pattern. The hornblende contains a relatively high concentration of 
Sc and low concentrations of Cr , Co, and W relative to the co-existing 
biotite.
5.5.4 Apatite
The major element content of apatite remains essentially constant 
in the pluton, except for MnO which is higher in apatite from the 
trondhjemite (Table 5.4).
Chondrite-normalised REE patterns for apatite separates from the 
tonalite and trondhjemite are presented in Figure 5.9. Relative to 
the tonalite apatite, the trondhjemite apatite has a larger Eu anomaly
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Figure 5.9 Chrondrite normalised REE plot of hornblende (BR-1) and
apatite (solid symbols BR-1; open symbols BR-3) mineral separates from 
the Bald Rock pluton.
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Figure 5.8 Hornblende compositions from the Bald Rock pluton as a 
function of Si per formula unit versus 100Mg/Mg+Fe+++Mn. 
Compositional fields of other Sierra Nevada hornblendes are from 
Dodge et a]^ . (1969).
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and lower LREE, U and Th with a much higher Sr concentration. These 
apatites contain much lower LREE concentrations than those from the 
Palisade Crest suite (Chapter 4).
5.5.5 Sphene
Sphene separated from the tonalite exhibits a chondrite- 
normalised pattern nearly identical to that of the hornblende, but it 
is enriched by more than fifty times (FigureiClO) . The sphene contains 
the highest concentrations of U and Ta of any mineral in tonalite. 
Sphene is markedly zoned in REE, with core concentrations generally 
40-50% higher than those of the rims. There is no apparent change in 
the chondrite-normalised REE pattern between core and rim in the 
tonalite sphene. In addition, the Ta concentration also is depleted 
at the rim relative to the core in the sphene while U is enriched and 
Nb is unchanged.
5.5.6 Zircon
Zircon exhibits the largest compositional variation between the 
tonalite and the trondhjemite (Figure JflO). The tonalite zircon 
exhibits a relatively typical chondite-normalised REE pattern with 
HREE highly enriched over LREE (Gromet and Silver, 1983; Nagasawa, 
1970). The trondhjemite zircon exhibits a unique nearly flat REE 
pattern with a large negative Eu anomaly. The trondhjemite zircon is 
enriched by 100X for LREE and 10X for HREE relative to the tonalite
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Figure 5.10 Chondrite normalised REE plot of sphene (BR-1) and 
zircon (solid symbols BR-1; open symbols BR-3) mineral separates from 
the Bald Rock pluton.
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zircon. This zircon is also enriched in U, T h , H f , and Sc compared to 
the tonalite zircon.
The extreme LREE enrichment of the trondhjemite zircon could be 
due to crystallisation when the melt had an extremely high LREE/HREE. 
Yet, early crystallisation of another phase present in the 
trondhjemite does not appear capable of causing such a high LREE/HREE 
in the melt at any time. Wyborn (1983) found that hydrothermal 
metamict rims on zircons contained high concentrations of REE, Th, U 
and Hf similar to those described here. The anhedral habit of the 
trondhjemite zircon is consistent with a hydrothermal origin, 
suggested by Wyborn (op. cit.) for LREE-enriched zircons. Even though 
zircons from rocks with up to 75% SiC>2 were analysed for the McMurry 
Meadows pluton (see Chapter 4), the extreme LREE enrichment of the 
trondhjemite zircon (BR-3) was not evident.
5.5.7 A llanite and Epidote
Allanite from the tonalite has well-developed progressive 
compositional core-to-rim zoning (Table 5.4). The LREE are depleted 
in the allanite rim relative to the core concentration. There is no 
change in the La/Nd between the allanite core and rim (Figure 5.11). 
This uniform La/Nd suggests that allanite crystallisation was 
relatively short in duration and indpendent of the effects of sphene 
crystallisation (Sawka et_ al_. , 1984; Sawka ert al^ . , 1985A). Both Th 
and Ta are concentrated in the allanite rim relative to the core.
107a
Figure 5.11 Chondrite normalised REE plot of allanite (BR-1) 
microprobe composition and monazite (BR-3) mineral separates from the 
Bald Rock pluton.
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Euhedral magmatic epidotes are relatively uniform in composition 
throughout the pluton except for MnO which is higher in epidote from 
the trondhjemite compared to that of the tonalite.
5.5.8 Monazite
Monazite separated from the trondhjemite has a LREE-enriched 
chondrite-normalised pattern with a large negative Eu anomaly (Figure 
5.11). As does allanite, the monazite has an extremely high Th/U 
ratio. Compared to monazite anlaysed from the Sweetwater Wash pluton 
(Mittlefehldt and Miller, 1983, sample SW1), the trondhjemite monazite 
contains lower concentrations of both REE and T h . The compositional 
differences between these monazites may result from different origins.
Evidence suggests that most of the Sweetwater Wash monazite is 
refractory in origin (Sawka e_t aj_. , 1985b), whereas in the Bald Rock 
pluton, monazite is a magmatic phase.
The monazite in the Bald Rock pluton is considered, on textural 
grounds, to be a late magmatic phase. The monazite is normally 
euhedral and not included in other phases. When monazite does occur 
as an inclusion the host phase was late crystallising, such as 
K-feldspar or quartz. The monazite forms large crystals (~150^m), 
compared with those of the Sweetwater Wash pluton (<10/xm) (op. cit.). 
Late crystallisation of magmatic monazite is geochemically most 
reasonable since the stability probably requires low Ca activity 
relative to the LREE and T h . If the Ca melt activity is not low, 
apatite would probably be the stable phase.
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5.6 WHOLE ROCK CHEMISTRY
Representative chemical analyses of the Bald Rock pluton are 
presented in Tables 5.5 and 5.6. Selected major element silica 
variation diagrams are presented in Figure 12. Both major and trace 
element trends reflect the subtraction of mafic phases and the 
increase in more sodic plagioclase and quartz with differentiation. 
The silica gap between the tonalite and trondhjemite could be a 
result of our sampling as Compton's (1955) detailed field work 
indicates a completely gradational transition between rock types. 
There is linear correlation between the tonalite and trondhjemite 
fractionation trends towards decreasing Mg, Ca, T i , Fe and P 
concentrations. Na is the only major element, apart from Si, to 
exhibit a continuous enrichment during differentiation. Parallel 
enrichment-depletion fractionation trends are exhibited by K and A1 
respectively. These parallel differentiation trends for the tonalite 
and trondhjemite suggest that compositions not sampled within the 
silica gap may be volumetrically very restricted or absent.
Selected trace element silica variation diagrams are presented in 
Figure 5.13. The trace elements can be grouped into six different 
fractionation trends between the tonalite and trondhjemite. Continuous 
decreases in N d , Sc, C u , Zn, Cr, V, Co and Ni concentrations occur 
during differentiation, largely due to the subtraction of mafic 
silicates and magnetite. Only Nb and Ta among the trace elements 
exhibit continuous increases with fractionation. The Sr and Ga 
variations are similar to those of Al, with independent parallel
Table 5.5: Vtoole rock XRF results for the Bald Rock pluton
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Sample No. ER-1 BR-2 ER-3 BR-4 ER-5 BR-6 BR-7 BR-10 ER-11
%
s i02 65.08 66.20 73.23 66.47 70.43 71.37 72.77 71.17 72.55
TiOg 0.46 0.43 0.12 0.41 0.23 0.19 0.18 0.21 0.15
^ 2 °
15.24 15.86 15.44 15.59 16.37 16.29 15.17 15.70 15.58
Fe2°3
1.89 1.60 0.40 1.26 0.87 0.69 0.71 1.01 0.51
FeO* 2.37 2.11 0.61 2.01 0.84 0.68 0.55 0.59 0.63
WtO 0.08 0.07 0.04 0.07 0.05 0.04 0.05 0.05 0.04
MgO 2.79 2.15 0.26 2.30 0.63 0.43 0.47 0.63 0.35
CaO 4.73 4.31 2.41 3.75 2.77 2.60 2.43 2.96 2.60
KgO 1.67 2.02 1.80 2.00 0.98 1.52 2.14 1.63 1.75
NagO 4.20 4.11 5.14 4.05 4.88 4.85 4.85 4.92 5.08
P2°5
0.13 0.12 0.03 0.11 0.09 0.07 0.05 0.07 0.05
S <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.02 <0.02 <0.02
¥>* 0.86 0.63 0.28 1.22 0.97 0.62 0.23 0.43 0.43
HgO- 0.16 0.15 0.12 0.38 0.66 0.46 0.16 0.20 0.13
°°2
0.15 0.16 0.12 0.24 0.10 0.11 0.03 0.14 0.15
rest 0.19 0.18 0.16 0.17 0.14 0.18 0.16 0.15 0.16
o=s
Total 100.00 100.10 100.16 100.03 100.01 100.10
0.01
99.96 99.86 100.16
ppm
Ba 465 530 630 465 400 750 610 485 605
Rb 33.0 39.0 32.5 45.5 22.0 27.0 43.0 33.5 35.0
Sr 475 445 509 430 498 560 445 502 528
Pb 10 11 9 11 8 8 11 9 7
Th 5.4 4.6 1.4 6.0 2.2 1.2 2.4 2.4 2.0
U 2.0 1.4 0.6 1.8 0.6 0.4 0.6 0.8 0.4
Zr 86 120 76 113 100 90 77 90 84
Nb 2.0 3.0 4.0 4.5 4.0 3.5 6.5 4.0 3.5
y 11 11 7 9 5 3 11 10 7
La 19 12 6 10 11 9 7 11 6
Ce 38 30 13 26 23 19 18 25 16
Nd 15 12 4 10 9 7 7 9 5
Sc 15 11 3 11 3 3 3 4 3
V 94 73 5 68 19 11 12 18 8
Cr 76 30 <1 65 3 1 2 3 <1
Jii 645 555 320 515 360 315 375 390 340
Co 18 14 2 15 5 3 3 3 2
Ni 31 21 <1 34 2 2 <1 2 <1
Cu 79 38 1 6 1 2 1 2 2
Zn 72 57 42 59 50 47 46 46 44
Ga 17.4 17.4 17.4 17.6 18.8 18.6 18.6 18.2 17.6
T&ble 5.5: (cent) 109b
Sample No. ER-12 BR-14 BR-15 BR-16 BR-17 BR-18 BR-19 BR-20 BR-21 BR-22
%
SiC^ 72.13 64.15 65.45 62.52 63.68 64.25 62.86 0.23 71.81 6 3 .£
Ti02 0.18 0.48 0.46 0.55 0.51 0.50 0.54 0.23 0.21 0.5C
AlgO 15.69 16.70 15.91 16.63 16.27 16.18 16.66 15.43 15.12 16.6i
Fe203
0.68 1.66 1.48 1.91 1.59 1.70 1.94 0.87 0.81 1.8E
FeO* 0.60 2.36 2.10 2.60 2.60 2.36 2.55 0.90 0.78 2.5C
MtO 0.03 0.07 0.07 0.09 0.08 0.08 0.09 0.06 0.05 O.Oi
MgO 0.36 2.24 2.29 3.16 2.82 2.75 3.01 0.74 0.59 2.9C
CaO 2.63 4.85 4.68 5.64 5.26 5.08 5.68 2.84 2.76 5.4Î
*2° 1.77 1.48 1.48 1.17 1.33 1.24 1.07 1.94 1.92 1.22
N a^ 5.02 4.30 4.46 4.29 4.29 4.41 4.36 4.71 4.76 4.34
P2°5
0.05 0.14 0.14 0.15 0.15 0.15 0.16 0.07 0.07 O .li
S <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
«2°+ 0.53 1.04 0.95 0.78 0.78 0.89 0.66 0.42 0.82 0.72
H2 O- 0.16 0.22 0.13 0.16 0.11 0.14 0.15 0.20 0.16 o.ie
OO2 0.01 0.03 0.30 0.09 0.20 0.12 0.01 0.01 0.17 0.04
rest 0.16 0.16 0.17 0.16 0.17 0.17 0.17 0.16 0.14 o .r j
O S
Total 100.00 99.88 100.07 99.90 99.84 100.02 99.91 100.12 100.17 100.04
ppm
Ba 620 395 425 310 400 365 305 610 510 340
Rb 33.5 30.5 26.0 22.5 27.0 23.5 19.5 36.0 33.0 23.0
Sr 524 496 533 490 512 495 526 426 431 519
Pb 9 9 9 8 8 9 8 19 10 8
Th 2.0 4.2 3.8 2.8 2.6 2.6 2.8 3.4 3.0 2.6
U 0.4 0.8 1.6 0.8 0.6 0.6 0.6 2.4 0.8 1.0
Zr 85 89 99 80 89 93 94 76 82 93
Nb 4.5 2.0 2.5 2.0 2.5 2.5 2.0 3.5 4.0 2.5
y 7 12 9 13 10 12 13 9 10 13
La 7 12 11 8 8 8 10 8 9 9
Ce 18 28 27 21 20 23 26 24 22 22
Nd 7 11 12 11 10 11 13 10 9 11
Sc 3 11 11 15 14 14 15 4 4 14
V 10 81 73 99 92 86 92 22 18 91
Cr 1 25 49 68 62 58 60 4 3 53
Mi 260 545 510 705 605 620 710 470 360 665
Co 4 14 12 17 17 14 17 4 3 17
Ni <1 17 27 36 32 35 36 4 <1 34
Cu 1 5 4 6 9 10 6 1 1 5
Zn 43 57 61 72 68 64 68 46 34 68
Ga 18.4 17.8 18.0 18.4 18.2 18.0 18.4 18.4 18.0 18.4
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Table 5.6: Representative IMAA results of whole rocks from the Bald Rock pluton.
Sample No. BR-1 BR-3 BR-4 BR-5 BR-7 BR-14 BR-16 BR-22
ppm
Sc 12.9 1.8 9.4 3.1 2.7 9.4 13.2 12.0
Cr 78 0.5 58 3.9 1.9 27 71 54
Sb 0.13 0.10 0.11 - 0.05 - - 0.05
Cs 1.4 0.8 1.5 0.7 0.9 1.3 1.2 1.1
La 18.7 7.3 12.2 13.1 9.3 13.5 10.0 10.4
Ce 34.3 12.9 24.5 24.4 18.6 21.7 21.9 21.7
Xd 15.9 5.8 12.5 11.2 9.6 11.6 13.1 12.8
Sm 3.10 1.14 2.69 2.05 2.29 2.78 2.85 2.88
Eu 0.807 0.278 0.718 0.576 0.480 0.698 0.838 0.857
Gd 2.6 1.10 1.95 1.19 1.98 2.25 2.52 2.69
Tb 0.36 0.17 0.31 0.18 0.32 0.31 0.38 0.40
Ho 0.37 0.22 0.39 0.22 0.44 0.43 0.52 0.54
Yb 1.02 0.54 1.01 0.53 1.11 1.25 1.36 1.35
Lu 0.156 0.082 0.147 0.033 0.147 0.173 0.207 0.200
Hf 2.5 2.0 3.2 2.4 2.3 2.3 2.2 2.2
Ta 0.47 0.66 0.72 0.67 0.91 0.33 0.43 0.39
Au 0.003 - - - 0.001 0.002 0.001 -
Th 5.0 1.8 6.2 2.6 2.9 4.5 2.6 2.7
U 2.0 1.0 2.5 0.9 1.1 1.5 0.8 0.9
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Figure 5.12 Harker variation diagrams for selected major elements 
in the Bald Rock pluton (Solid symbols - tonalite; open symbols - 
trondhjemite) .
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1 1 0
decreases occuring in the tonalité and trondhjemite, probably 
reflecting plagioclase fractionation. Like K, both Rb and Ba increase 
independently in the tonalité and trondhjemite evidently indicating 
accumulation of K-feldspar. Several elements exhibit enrichments 
during fractionation within the tonalité but decreases within the 
trondhjemite and these are: Pb, T h , U, Zr, Ce, La and Hf. Accessory 
mineral saturation-précipitation or accumulation within the tonalité 
apparently has governed the concentration of these elements within the 
trondhjemite. The Y concentration decreases within the tonalité and 
increases with differentiation in the trondhjemite. Apatite 
concentrates Y, whereas monazite does not. It can probably be infered 
from this Y variation that apatite was the dominant phosphate to 
fractionate in the tonalité, while monazite was dominant in the 
trondhjemite.
Chondrite-normalised REE diagrams for selected samples are 
presented in Figure5]l4. All of the chondrite-normalised patterns are 
LREE-enriched with no significant Eu anomaly developed. During 
tonalité fractionation the LREE increase while HREE decrease. The MREE 
remain relatively constant within the tonalité, but decrease rapidly 
with differentiation in the trondhjemite, as do the other REE. The 
REE patterns are very similar to those reported for the Fine Gold 
intrusive sequence, further to the south, by Dodge et a l . (1982).
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Figure 5.14 Chondrite normalised REE whole rock plots of 
representative tonalite (solid triangles - BR-16; solid boxes - BR-1 ) 
and trondhjemites (open trianges - BR-5; open circles - BR-3).
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5.7 EMPLACEMENT CONDITIONS
Pelitic layers In the country rocks Include the metamorphic 
assemblages andaluslte-cordlerlte and andalusite-staurolite (Hietanen, 
1976). Thus, metamorphism did not exceed pressures greater than that 
of the aluminium silicate triple point. Based on these metamorphic 
assemblages the emplacement depth of the pluton was about 12-15km 
beneath the surface (~4kb pressure) with the country rocks reaching 
temperatures up to 600°C (Hietanen, 1976). The magmatic muscovite in 
the pluton does not unambiguously argue for high pressures (see Miller 
et al. , 1981). The presence of the celandonitic component in the 
muscovite is thought to greatly expand the stability range, possibly 
to as low as 2kb (Anderson and Rowley, 1981).
The magmatic epidote indicates crystallisation at pressures 
greater than 2kb (Naney, 1983). Zen and Hammarstrom (1984) suggested 
pressures in excess of 8kb may be reasonable for some similar 
tonalites containing epidote. However, those plutons show textural 
evidence for hornblende resorption by epidote (op. cit.) which is not 
present in the Bald Rock pluton. Based on the metamorphic assemblages 
near the pluton it appears that epidote can be a magmatic phase around 
4kb. The presence of euhedral epidote in both the tonalite and the 
trondhjemite suggests that it was a liquldus phase during magma 
fractionation.
The euhedral hornblende in the tonalite indicates an early melt 
water content of at least 3wt* (Burnham, 1979). Crystallisation
1 1 2
took place under oxidizing conditions indicated by the presence of 
magnetite throughout the pluton. Based on the thermodynamic model for 
the reaction: hedenbergite+ilmenite = sphene+magnetite+quartz (Wones, 
1983) at 4kb and 800°C the oxygen fugacity was less than log f02 = 
-13.
The petrogenesis of the Bald Rock magma and similar compositions 
of high A1 calc-alkalic tonalite-trondhjemite associations (Figure 
15A), are consistent with two origins. Geochemical models (Arth and 
Barker, 1976; Arth et_ aj^ . , 1978) are consistent with either fractional 
crystallisation of a wet basaltic magma or partial melting of 
amphibolite or eclogite. These two magma source models are summarised 
in Figure 15B.
Distinguishing between the two petrogentic models is not clear 
cut and is discussed in detail by Arth _et al. (1978). The chemically 
similar Trinity Alps in the Klamath Mountains of northern California 
have been suggested to have a partial melting origin (Barker e_t al_. , 
1979). The partial melting origin of the Trinity Alps plutons was 
largely based on structure and compositional morphology (op. cit.), 
which are considered for the Bald Rock pluton later.
5.8 MODELS FOR COMPOSITIONAL ZONING
Quantitative geochemical modelling of granitoid plutons is 
difficult, making the usefulness of such calculations questionable. 
Among the major problems confronting such models are:
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Figure 5.15A Compositional comparison of the Bald Rock pluton with 
other high AI2O3 trondhjemites and associated tonalites given by 
Barker (1979). Data sources: Riggins area, Idaho; Trinity Alps, 
California; Norway (Barker e_t a_^ . , 1979 and Arth et a l . , 1978) and 
Kroenke, Colorado (Barker et aj_. , 1976).
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Figure 5.15B Diagram showing the possible origin of high AI2O3 
trondhjemites modified from Barker (1979) to include potential 
accessory mineral residuals.
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the unknown parental magma composition, changing mineral-melt 
partition coefficients, near- or sub-solidous re-equilibration of 
phases and fluid phase evolution. Some plutons which exhibit very 
large compositional variations may be well modelled using Rb, Sr and 
Ba (Perfit et_ al_. , 1980, Tindle and Pearce, 1981; Lee and 
Christiansen, 1983). These elements are the most useful for 
geochemical modelling as they are not significantly concentrated by 
accessory minerals. However, as a result of the restricted variation 
of these elements within the Bald Rock pluton, they do not provide any 
significant constraints upon the magma chamber evolution with regard 
to fractional crystallisation, unmixing etc.
The models now considered to account for the compositional zoning 
in the Bald Rock pluton comprise multiple intrusion, contamination and 
differentiation from a single magma.
5.9 MULTIPLE INTRUSION
Whenever a bi-modal pluton is encountered the possibility of 
multiple intrusion must be considered. The apparent difference in the 
initial 87Sr/86Sr for the tonalite and trondhjemite portions of the 
pluton are at least suggestive of independent magmas. Yet, as 
previously discussed, such small isotopic differences do not uniquely 
rule out differentiation from a single magma. If the difference in 
initial Sr ratio is due to different source materials for the tonalite 
and trondhjemite compositions, then several complexities arise. From 
the cross-cutting relationships between the two compositions at the
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northern end of the pluton (Hietanen, 1981), the trondhjemite is known 
to have been emplaced shortly after the tonalite.
If a layered crustal source region became both more mafic with 
depth and lower in H2° content, the degree of partial melting could 
possibly (but probably not) decrease in the direction of the heat 
source. Such a melting model could produce possibly an initial 
layered diapir with the more felsic trondhjemite magma below the more 
mafic tonalite magma. Thus, during final emplacement the trondhjemite 
could be intruded through the tonalite cap to form the core of the 
intrusion before complete solidification, thereby preserving the 
gradational contacts. However, for such a partial melting
configuration it is reasonable to suppose that the trondhjemite should 
have the lower initial Sr ratio and not the tonalite, as is the case 
for the Bald Rock pluton. Another argument against such a melting 
model is that the trondhjemite has concentrations of elements such as 
U, T h , Zr and LREE which are in abundances as high as those of the 
tonalite. Clearly, lower degrees of partial melting of more mafic 
rock should not produce similar concentrations of these elements in 
both rock types. According to the calculations of Arth and Hanson 
(1975), progressively higher degrees of eclogite partial melting will 
yield more mafic magma compositions with progressively lower light REE 
abundances.
Another multiple intrusion-partial melting situation could be 
envisaged whereby the same source material is subjected to two melting 
events. First, the source material is subjected to a high degree of
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patial melting to produce the tonalite magma. Immediately following 
the production of tonalite magma, the residual source material is 
subjected to a small degree of partial melting to produce the 
trondhjemite magma. However, similar geochemical arguments hold 
against this model. The radiogenic component of Sr would probably be 
removed with the melt during the first partial melting, inferring that 
the tonalite should have the higher initial ratio, which is not the 
case.
The low solubilities of accessory phases in highly felsic melts 
(Watson and Harrison, 1984) would keep accessory minerals (if present) 
from melting and not enrich the trondhjemite in U, Th and LREE (+Zr). 
The re-melting of the tonalite residual source material would also 
require much higher temperatures due to H20 lost during production of 
the tonalite magma. Such extreme temperatures might require 
infiltration of basaltic magma into the tonalite residual source 
region. If such basaltic material were in the residual source region 
during partial melting then the initial Sr ratio of the trondhjemite 
might be lowered by contamination; however this is not the case here. 
A-type granites are thought to form by the re-melting of a residual 
granite source region (Collins et_ a_l_. , 1982) and exhibit marked 
enrichments in G a , Zr and REE, features not seen in the trondhjemite.
Therefore it must be concluded that first order models for 
partial melting of a layered crust and multiple intrusion do not 
adequately account for the compositional variations within the pluton.
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However, models involving a heterogeneous lower crustal source region 
and multiple intrusion of the pluton cannot be ruled out, although 
controls on such a model are very few.
5.10 CONTAMINATION
Contamination of an initially uniform granite magma could occur 
by either assimilation of country rock or magma mixing. Compton 
(1955) attributed the compositional zoning of the Bald Rock pluton to 
contamination by the mafic country rocks, on the basis of field 
evidence. This model implies that assimilation of stoped mafic rocks 
by an originally trondhjemitic magma produced the tonalité portion of 
the pluton. Thus, the most mafic tonalité contains most assimilated 
mafic country rock or mafic magma contaminate, and the most felsic 
trondhjemite virtually none. For such a contamination model, all 
elements should fall on linear mixing trends between the end member 
compositions. In the Bald Rock pluton K, B a , Rb, S r , Ga, A 1 , T h , Zr, 
among other elements do not all exhibit simple linear fractionation 
trends, thereby arguing against wall rock assimilation as a major 
compositional control. Furthermore, contamination by more mafic 
magmas associated with similar rocks (Snoke et_ aj_. , 1981), would 
be inconsistent with the LREE variations in the Bald Rock pluton. 
Larsen and Poldervaart (1961) have examined the zircon morphologies in 
the pluton and also found no indication of wall rock contamination.
Open system behaviour of magma chambers has been shown to be an 
important process in some large tonalité plutons (Hill ejt aj_. , 1985)
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and in volcanic systems (Smith, 1979). However, the features 
described by Hill et. aj_. (1985) for magma mixing in the San Jacinto 
region are not found in the Bald Rock pluton. Such magma mixing 
contamination models require linear arrays on Harker variation 
diagrams, at least for the major elements. Even if the tonalite and 
trondhjemite portions of the pluton were compositionally unrelated, 
then there is still no Sr isotopic evidence to indicate a more 
primitive component in the tonalite.
Thus, there appears to be no outstanding evidence to support 
contamination either by country rocks or mafic magma as the cause of 
the pluton's compositional zoning. If any significant contamination 
did contribute to the compositional variation within the pluton then: 
(1 ) the tonalite and trondhjemite must be unrelated, and (2 ) complete 
isotopic Sr equilibrium was achieved within each rock type before 
solidif ication.
If the tonalite and trondhjemite are each from compositionally 
unique source regions then basaltic magma could have mixed with one or 
both rock types. In Figure 5.16 the internal fractionation trends for 
the tonalite and trondhjemite are presented. If a mafic magma mixed 
with either the tonalite or trondhjemite then each rock type is the 
product of two-component mixing, a granite component and a mafic 
magma. For such two component mixing, the most mafic tonalite or 
trondhjemite will contain the most contaminate (mafic magma) and the 
most felsic granitoids the least. Therefore, elements exhibiting 
depletions in Figure 16, would be enriched within the contaminating
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Figure 5.16 Enrichment-depletion diagram for the internal 
compositional variation with both the tonalite (most felsic tonalite 
BR-4/most mafic tonalite BR-16) and the trondhjemite (most felsic 
trondhjemite BR-3/most mafic trondhjemite BR-5) portions of the Bald 
Rock pluton contrasted with the variations between the tonalite (BR- 
16) and the trondhjemite (BR-3).
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mafic magma. For the tonalité, such a mafic magma contaminate would 
be enriched in a combination of some unlikely elements such as N a , 
MREE, HREE and Y, but not in Zr. The mafic magma contaminate for the 
trondhjemite would be significantly different to that of the tonalité; 
be enriched in Th, Ta, Zr, REE etc., an unlikely composition for a 
mafic magma.
Both of these inferred mafic magma trace element compositions 
would be unusual compared to compositions of mafic rocks that are 
associated with other similar Al2o3 trondhjemites (Snoke et_ a l . , 
1981). It therefore remains doubtful that contamination was the major 
cause of compositional zoning in the Bald Rock pluton.
5.11 CLOSED SYSTEM MAGMA FRACTIONATION
Differentiation of an initially homogeneous magma into a bi-modal 
pluton could occur by one or more mechanisms such as sidewall 
crystallisation, boundary layer differentiation, gravity settling of 
crystals, filter pressing, differential flow and thermo-gravitational 
diffusion, among others. Yet the physical evidence of the dynamic 
differentiation process(es) may be lost as crystallisation proceeds. 
There are few established field criteria which can distinguish between 
fractionation processes except for some limited special cases (Moore 
and Lockwood, 1973; Battacharji and Smith, 1964). In reviewing 
crystal fractionation processes Sparks e_t al_. (1984) concluded that 
'convective fractionation' will be the most likely process to occur in 
a wide variety of magma compositions including granites. The model
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adopted here for the convective fractionation process has been 
presented in detail elsewhere (Turner, 1980; McBirney, 1980; Sawka et_ 
a l . , 1985A). An important feature of the convective fractionation 
process is that nearly complete crystal-melt separation may occur for 
substantial volumes of the magma. The Bald Rock pluton is considered 
here to be an analogous case to that of the bi-modal McMurry Meadows 
pluton (Sawka et_ al_. , 1985A) . The magma chamber evolved as the 
convecting magma precipitated crystals which adhered to the cooler 
sidewalls. The precipitation of mafic silicates and calcic 
plagioclase locally decreased the density of the magma immediately 
adjacent to the crystal accumulating sidewall. This lighter melt then 
buoyantly rose upward as a boundary layer. The process continued as 
successive boundary layers rose away from the sidewall to pool at the 
magma chamber roof, while new undifferentiated magma was continuously 
re-supplied by convection. The composition of the undifferentiated 
convecting magma became more felsic with time as some mixing with the 
rising felsic boundary layers occurred. This process is essentially 
one of 'autocontamination', whereby fractionated magma mixes with 
unfractionated magma. Such a process has been described in the fluid 
dynamic experiments of Turner (1980) and McBirney (1980).
Is such a process fractional crystallisation or unmixing? The 
overall magma chamber evolution is best termed an unmixing, since new 
undifferentiated magma is continuously supplied to the sidewall, as 
the melt fractionates rise away. Fractional crystallisation usually 
implies progressive crystal subtraction from a magma resulting in 
continuing changes in composition. Since the initial bulk magma
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remains compositionally unchanged by the sidewall crystallisation 
(except for possible autocontamination), continuous two component 
unmixing most adequately describes the magma chamber evolution.
The felsic boundary layer melt fractionate composition depends on 
the composition and volume of material accumulated to the sidewall. 
Therefore the bulk magma composition consists of two components: (1) 
the sidewall cumulate and (2 ) the melt fractionate, combined in 
various proportions. The separation of these two components during 
differentiation is analogous in some respects to the restite unmixing 
process (Compston and Chappell, 1979; Chappell, 1984; White and 
Chappell, 1977). In this case however, the mafic and felsic end 
members may be used to calculate back to the initial bulk magma 
composition, rather than the source rock composition.
The model composition of the ideal bulk magma is the weight 
fraction (X) sum of: (1) the crystal phases accumulated to the magma 
chamber sidewall and (2 ) the melt fractionated away from the sidewall, 
thus :
ideal ideal ideal
^bm ~ ^ s w  + ( 1 ~ X/?mf )
where , /3SWC and are the compositions of the bulk magma, the
sidewall cumulate and the melt fractionated away, respectively. This
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is a weighted mean of the sidewall plus fractionate compositions. 
However, the actual composition of both the sidewall cumulate and the 
melt fractionate are each mixtures of both components.
The actual composition of the sidewall cumulate must include the 
trapped intercumulus melt, approximated compositionally by the 
actual component, whereas the actual composition of melt fractionated 
away from the sidewall must include possible entrained material from 
the sidewall approximated by /3mf actual component.
Therefore the following describes the actual composition of these 
two components:
actual actual actual
^ s w  = ^ s w  + ( 1 X/?mf )
and
ideal ideal ideal
Æmf = ^ m f  + ( 1 ^ x£ s w )
This relationship is illustrated graphically in Figure 5.17.
The weight fraction limits for each of these components will 
probably be quite variable as solidification of the pluton proceeds. 
For the sidewall cumulate zone not to collapse and to remain 
relatively rigid and stay in place approximately 70% crystals would 
need to be present. This is based on the transition between solid 
framework high flow stresses and low liquid flow stresses (Arzi, 1978;
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Figure 5.17 Harker variation diagram illustrating mixing components 
which may yield compositional variations in plutons.
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Van der Molen and Patterson, 1979). Therefore, it may be reasonable 
to assume that the solid sidewall weight fraction was between 
0.7<XSW<1, thus also defining the coexisiting weight fraction 
intercumulus melt: Xmf = (1-XSW)• The weight fraction of crystalline 
material entrained within the melt and fractionated away from the 
sidewall is more difficult to constrain, except that it will be within 
the fluid flow stress limit (i.e. 0<X>0.7). In order for the melt to 
be fractionated away buoyantly along the sidewall, a density contrast 
must exist with the bulk magma. The lower the density of the boundary 
layer melt, the greater the potential for buoyant separation away from 
the sidewall. The fewer entrained sidewall crystals in the boundary 
layer melt, the lower the melt density. The end member case would be 
if the sidewall cumulate were devoid of intercumulus melt and the melt 
fractionate contained no entrained crystals from the sidewall. This 
is analogous to restite and minimum or non-minimum melt unmixing 
(Chappell, 1984).
Applied to the Bald Rock pluton two separate models could apply 
to the sidewall cumulate process where:
123
Bulk magma unmixes 
(fractionates) to 
yield
Sidewall cumulate boundary layer melt fractionate 
(trondhjemite)(tonalité)
Model 1 :
Mafic tonalité and ^ ^  felsic trondhjemite
mafic trondhjemitefelsic tonalité ^—  
or
Model 2:
Mafic tonalité and ^  mafic trondhjemite 
felsic tonal ite ^ ^  felsic trondhjemite
In both cases the trondhjemite mafic mineral content is largely a 
reflection of the volume of entrained sidewall material.
In calculating the bulk magma composition before differentation 
took place the actual end member compositions (% entrained crystals, % 
intercumulus melt) do not affect the mixing lines. For either model 
the evolution of the magma may be represented by a series of mixing 
lines connecting end members. The composition of the bulk magma at 
the time of unmixing will occur along the mixing line according to the 
relative proportions of accumulated crystals and fractionated melt.
The two unmixing models are illustrated in Harker variation 
diagrams showing possible mixing lines in Figures 5.ISA, B. Since all
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Figure 5.18A Model 1 - Generalised unmixing lines for a magma system
where the most mafic tonalite (A) is the cumulate residue of the most
felsic trondhjemite (A") and likewise the most felsic tonalite (B) is
the cumulate residue of the most mafic trondhjemite(B ).
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Figure 5.18B Model 2 - Generalised mixing lines for a magma system 
where the most mafic tonalite (A) is the cumulate residue of the most 
mafic trondhjemite (A'') and likewise the most felsic tonalite (Ei) is 
the cumulate residue of the most felsic trondhjemite (B^).
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the mixing lines in either model do not always overlap at a single 
point, the bulk magma must have evolved compositionally as unmixing 
proceeded. A major difference between the two models is the way in 
which the bulk magma evolves as the unmixing proceeds. These 
differences upon fractionation are illustrated in Figure 5.19A, B for 
the two models. Calculated bulk magma compositions for each model are 
given in Table 5.7 for elements exhibiting regular variations. The 
calculated bulk magma compositions assumed the mixing proportion 
volumes of 70% tonalite and 30% trondhjemite. These mixing volumes 
approximate the surface outcrop area of each rock type, but are 
clearly dependent on the vertical distribution of rock types and the 
level of exposure. The two unmixing models are now examined 
individually.
Model 1: In this model the gradational contact between the tonalite 
and trondhjemite could represent either the unmixing-accumulation 
interface or an eruptive discontinuity. The dynamic growth and 
evolution of the Model 1 unmixing process is illustrated in Figure 
5.20. The most fractionated magma is the first to be separated and 
collected at the magma chamber roof. As crystallisation proceeds 
inward, the sidewall cumulate (tonalites) evolves to less mafic 
compositions while the fractionated melts (trondhjemites) are 
correspondingly more mafic. Therefore, these denser trondhjemite 
melts are emplaced progressively deeper beneath the magma chamber roof 
(Figure 5.20). Thus the vertical zoning in the fractionated part of 
the magma chamber would be more silica-rich upward and gravitationally 
stable. Although such an unmixing cumulate process is feasible, some
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Figure 5.19A Calculated bulk magma compositional evolution for a 
model 1 differentiation system plotted as a enrichment-depletion 
diagram.
Figure 5.19B Calculated bulk magma compositional evolution for a 
model 2 differentiation system plotted as an enrichment depletion 
diagram.
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Table 5.7: Calculated bulk magma compositional ranges
Model 1 Model 2
Si02 68 .0 65 __ 68 . 5
Ti02 0 .35 0 . 45 - 0 .32
Al2°3 15,.90 16.. 65 - 15 .25
CO
o
CM
CDPh 1,.2 1,.6 - 1,.0
FeO 1 ,.6 2 ,.0 - 1 .6
MgO 1 ,.60 2 ,.4 - 1 ,. 6
CaO 3,.4 - 4.1 4 ,.6 - 4,. 0
Na20 4 , 3 - 4.7 4 ,. 4 - 4 ,.3
o 1 ,6 1,.0 - 2 ,.0
P2°5 0..09 - 0.11 0.. 14 - 0 ,.08
Total 98..04 - 99.16 98., 24 - 93.. 65
Ba 480 320 - 560
Rb 33 20 - 44
Sr 470 530 - 430
Th 2.,0 - 4.8 2 . 5 - 4 .8
U 0.,6 - 1.4 0,. 5 - 1 .,4
Zr 30 - 110 85 - 105
Nb ~ 3 , 5 2 ., 4 - 5..0
La 7 - 12 9 - 10
Ce 17 - 28 22 - 28
V 50 75 - 50
Mn 480 - 510 600 - 480
Ni 12 - 18 26 - 16
Ga 17 .9 18.. 2 - 13. -t. _L
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Figure 5.20 Cartoon illustrating a possible magma chamber evolution 
involving a model 1 differentiation system. (I) Intrusion of a bulk 
magma containing 68% SiÛ2 . Crystallisation along the magma chamber 
sides causes crystalline material to adhere to the sidewall which is 
tonalitic in composition. Adjacent to the sidewall crystallisation 
zone, a low density melt is produced and moves upward as a boundary 
layer (arrows). (II) Sidewall crystallisation continues as boundary 
layers pool under magma chamber roof according to density, lowest 
density on top. (Ill) King fracture and eruption. Note how material 
is tapped (thick arrows) from the deeper more mafic portions of the 
magma chamber. (IV) Erosion to present level of exposure. Thick 
dashed lines show tonalité foliation while the thick dashed lines show 
the trondhjemite foliation pattern.
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factors argue against such a process. Based on the calculated bulk 
magma evolution (Table 5.7) a liquid state differentiation process 
would probably be required within the bulk magma, to account for the 
model Ca, N a , P La, C e , Zr and Nb variations since modelled Si02 
remains constant. Yet, some key elements (Hildreth, 1981) thought to 
be indicative of liquid state diffusion Ba, Rb and Sr do not exhibit 
evidence for the process (Figure 5.19). A process of autocontamination 
is inconsistent with the limited number of elements exhibiting the 
modelled variations, and the inferred fixed Si02 content of the bulk 
magma.
Nevertheless, Figure 5.19 illustrates how a ring fracture 
eruption could produce the Bald Rock pluton concentric zoning pattern 
from the vertically zoned magma. The ring fracture-eruption process 
would tend to draw more mafic material up from depth in the magma 
chamber and move it along the sidewall (Figure 5.20C). However, 
there is no structural evidence to support this type of ring fracture 
model (compare Figure 5.2 and 5.20D), even though such a process has 
been suggested elsewhere in a tonalite pluton (Duffield, 1968). 
Therefore it must be concluded that there is not enough evidence, 
either geochemical or structural, to confirm a Model 1 differentiation 
process.
Model 2 : The fractionation pattern, illustrated in Figure 5.19B, show 
features typical of an evolving magma, decreasing Fe, Mg, T i , Ca, Sr, 
Ni and increasing Si, K, Ba, Rb, T h , U, LREE etc. The question now 
arises: is the chemical zoning within the bulk magma due to
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autocontamination, or rather is it an artifact of the source region 
partial melting? A partial melting origin may be ruled out on the 
basis that the more silica-rich (i.e. lower degree of partial melting) 
compositions contain the larger Zr concentrations, which would require 
higher degrees of partial melting, to melt either source region zircon 
which is highly refractory in felsic melts (Watson and Harrison, 1983) 
or pyroxenes containing Zr.
It is clear that the level of exposure will play a major part in 
determining the relative proportions of sidewall cumulate and melt 
fractionate seen in the exposed pluton. The inferred chemical zoning 
within the bulk magma is consistent with autocontamination because 
SiOg and incompatible trace elements (LREE, Zr, Th , U, Nb, etc.) would 
be concentrated into the boundary layer melt rather than in the 
tonalite-cumulate, and then it would mix with the convecting bulk 
magma. Thus, the composition of the bulk magma becomes more felsic as 
crystallisation of the pluton proceeds.
This unmixing model is geochemically plausible. However the 
events leading up to the final solidified plutonic morphology may have 
occurred largely after the differentiation process took place. It 
appears that both the Bald Rock pluton and those of the Palisade Crest 
(Chapter 3) differentiated by a sidewall crystallisation accumulation 
process. Yet, structurally the plutons are significantly different. 
The Palisade Crest plutons have horizontal foliation and/or are 
massive throughout the central portions, whereas the Bald Rock pluton 
is a steeply (>45°) foliated dome-shaped throughout.
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Causes for redistribution of material in the magma chamber after 
differentiation but prior to solidification include: eruptive 
activity, caldera collapse and/or recharge. Eruptive activity from a 
central conduit would tend to bring material from deeper in the 
chamber upward toward the conduit (Figure 5.21A, B) (Spera, 1984). 
The resulting redistribution zoning would be dependent on the vertical 
distribution of rock types in the chamber and the magma rheology. The 
movement of magma through a central conduit is thought to be the 
mechanism responsible for reverse zoning (mafic inward) in some 
plutons (Fridrich and Mahood, 1984). This mechanism may have also 
occurred in some normally zoned (felsic inward) plutons, as follows.
Figure 5.22 illustrates the suggested magma chamber evolution 
which also includes volcanism and/or resurgence. A central conduit 
eruption could redistribute magma compositions in such a way to 
account for both the structure and compositional zoning in the pluton.
However, this model requires that the felsic core of the magma 
chamber become even more felsic with depth (Figure 5.22).
F.vidence for more felsic material at depth in the Bald Rock 
pluton is suggested by the radial orientation of aplites and 
pegmatites (Figure 5.2A). The perpendicular orientation of the 
aplites to the pluton's foliation structure is indicative of infilling 
of 'cross joints' formed from below by resurgence (Balk, 1937). 
(These are essentially infilled tension joints but are properly termed 
crossed joints since the mineral foliation is transected (op. cit.)). 
More importantly, the cross joint aplites imply brittle fracture of
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Figure 5.21A Downdraw characteristics of a ’narrow1 central vent 
evacuation (with recharge) system, after modified Spera (1984). Solid 
lines are isochrons for magma evacuation. Arrows indicate the 
direction of movement.
Figure 5.21B Downdraw characteristics of a 'wide' central vent 
evacuation (with recharge) system, modified after Spera (1984). Solid 
lines are isochrons for magma evacuation. Dotted lines are 
compositional transitions within the magma. Arrows indicate the 
direction of movement.
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Figure 5.22 Cartoon illustrating the preferred magma chamber 
evolution of the Bald Rock pluton incorporating a type 2 
differentiation system. (I) Intrusion of a bulk magma containing 65% 
Si02 . Crystallisation occurs along the magma chamber sidewalls. 
Crystalline material adheres to the chamber walls to form the 
tonalite. Adjacent to the sidewalls, a low density fracitonated melt 
is produced, which rises upward as a boundary layer (arrows). The 
convecting bulk magma erodes away at the rising boundary layer melt, 
incorporating small volumes of this material (the ). This
causes the bulk magma to become more felsic. (II) Crystallisation 
continues inward from the magma chamber sidewalls. Bulk magma 
continues to become more silicic as additional volumes of the boundary 
layer melts are incorporated. The remaining boundary layer melts pool 
at the magma chamber top. Upon reaching the roof of the magma 
chamber, boundary layer melts crystallise to >70% solid quickly. 
Higher silica boundary layers which arrive later at the magma chamber 
roof, are emplaced below the earlier layers that are nearly solid. 
(Ill) Upwelling of the high silica magma deep in the magma chamber due 
to concentrated volatiles and isostatic disequilibrium triggers a 
central vent eruption and aplite dyking. Thin lines show evacuation 
isochrons. Note how more felsic material from deep in the magma 
chamber is drawn up through the central vent (arrows). (IV) Erosion 
to the present level of exposure. The thick dashed lines indicate 
foliation direction in the tonalite, and thin dashed line indicates 
foliation in the trondhjemite. Notice the foliation dome pattern in 
the pluton.
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the pluton during the central conduit eruption and/or resurgent 
doming stage. This may be a significant indication of why the reverse 
vertical zoning initially developed within the trondhjemite. The first 
fel sic boundary layers to reach the magma chamber top were also 
the most dense. These layers must then crystallise to about 70% 
solid, where the rheology transition from fluid to solid occurs (Arzi, 
1978). This essentially solid material could then inhibit the later 
emplaced, less dense material, rising to higher levels in the magma 
chamber. Therefore the later melt, even though less dense spreads out 
beneath the earlier emplaced and denser material yet still above the 
convecting bulk magma (Figure 5.22). The magma chamber develops with 
time into an increasing state of gravitational disequilibrium. 
Volatiles (suggested by the aplites and pegmatites), concentrated 
within the progressively more felsic magma emplaced deeper in the 
chamber, may aid in ultimately triggering the upwelling event (Figure 
5.22). This upwelling need only move magma upward through a central 
conduit to be either intruded or extruded.
The difference between the Bald Rock and McMurry Meadows magma 
rheologies could be largely due to water content or other factors. 
The central portion of the McMurry Meadows pluton is less silicic than 
the Bald Rock pluton, 67-80% versus 70-73% SiC^ (wt.) respectively. 
A lower water content and a high silica content of the Bald Rock 
pluton could have caused a rapid solidification rate or lower solidus 
temperature. It is clear that the rate at which a magma solidifies 
may be an important aspect in determining magma chamber morphologies 
and eruptive histories.
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5.12 CONCLUSIONS
The Bald Rock pluton consists of high Al2Og trondhjemite and 
hornblende tonalite. The pluton is concentrically zoned with an outer 
margin of tonalite gradational into a central core of trondhjemite. 
Structurally the pluton forms a steeply dipping foliation dome. The 
REE content of major and accessory phases from both the tonalite and 
trondhjemite compositons are similar to those from granodiorite- 
granite systems, except for zircon. The zircon separated from the 
trondhjemite contains extremely high LREE and Th abundances. These 
compositional features of the zircon are attributed to a late-stage, 
largely hydrothermal origin.
The compositional zoning within the pluton could be due to 
several different origins as no single model is completely unique. 
However, a model has been developed that is plausible both 
geochemically and structurally, and is presented as the preferred 
origin of the compositional zoning. Intrusion of an initially 
homogeneous magma, intermediate in composition to both the tonalite 
and trondhjemite, forms a magma chamber. Crystallisation and 
accumulation of dense mineral phases at the chamber sidewalls reduces 
the density of the nearby melt. This low density melt then moves 
buoyantly upward along the sidewall as new unfractionated bulk magma 
is re-supplied to the crystallisation-accumulation zone. However, as 
this lighter melt moves upward along the sidewall, some mixing with 
the convecting bulk magma occurs. This mixing causes the bulk magma
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to evolve to more felsic composition. As the bulk magma becomes more 
felsic, so do the compositions of the sidewall cumulates (tonalité) 
and the boundary layer melts (trondhjemites). Even though
progressively lower density melt fractionates are delivered to the 
rnagma chamber roof a stable density stratification does not develop, 
due to the near solidification of the earlier emplaced melts. As 
progressively more felsic (and volatile-rich?) melts are emplaced 
deeper beneath the roof, the magma chamber becomes unstable and vents 
through a central conduit. The movement of magma through the central 
conduit draws the more felsic material upward from deeper in the 
chamber. The magma chamber then solidifies with this morphology, a 
foliation dome. Therefore, the rate at which the roof zone of a magma 
chamber solidifies may largely determine the eruptive history.
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6.0 ABSTRACT
Analyses of both heat producing and rare-earth elements were 
carried out on a 1 km vertical section through a pluton in the Sierra 
Nevada batholith, California. The abundance of heat producing 
elements increases and of rare-earth elements decrease upward in the 
pluton. The distribution of these elements result from magmatic 
crystal fractionation and not from alteration. The pluton's variation 
in vertical heat production enables the characteristic depth scale (D) 
to be calculated directly. The calculated value for the pluton, D=2.2 
km, is significantly lower than that of the batholith, D = 10.1 km, 
calculated from combined heat flow and heat generation. This result 
implies that various plutons within a heat flow province do not 
necessarily observe the same distribution law for heat producing 
elements. In the Sierra Nevada batholith two fundamentally different 
heat producing element (HPE) fractionation trends are evident between 
the western (tonalite-trondhjemite) plutons and the central-eastern 
(granodiorite-granite) plutons. The western granitoids are inherently 
low in heat production (0.2-1.5/\Wm“3) for compositions between 57% 
and 77% SiO^. The central-eastern granotoids have inherently high 
heat production (1.5-5.0 v^Wm ) for compositions between 57% and 77% 
SiO^, thus exhibiting a potential significant vertical variation. 
Higher heat flows on the eastern side of the Sierra Nevada batholith 
may be the result of high radiogenic heat production in residual 
granitoid source materials deep in the crust. We conclude that there 
is no geochemical evidence to support an exponential vertical HPE
,
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distribution as the cause of a linear heat flow - heat production 
relationship in this region.
6.1 INTRODUCTION
The empirical linear relationship between near surface heat flow 
and surface rock heat generation (Birch et al., 1968; Lachenbruch, 
1968) is given by the equation,
Q = qr + DAq (eq. 6.1)
where: q = the measured heat flow
q = "reduced heat flow" or the heat flow for 
r
zero heat production from surface 
radioactivity 
D = the slope which corresponds to the
characteristic depth for the vertical 
distribution of heat production 
Aq = surface heat production
The geochemical mechanism or mechanisms responsible for this 
relationship after many years remain as an enigma after many years. 
This limits interpretations on the overall geothermal structure of the 
crust. The exponential decrease in heat producing elements (HPE) with 
depth (equation 2) proposed by Lachenbruch (1968) has generally been 
accepted although it is not completely unambiguous (Oxburgh, 1980 ; 
Lachenbruch and Bunker, 1971) since many contradictory HPE
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distributions (i.e. increasing with depth) exist in drill holes 
observing the linear relationship (Wollenberg and Smith, 1968; Rogers 
et al., 1965; Tilling and Gottfried, 1969).
A(Z) = AQe"Z/D (eq. 6.2)
where: A(Z) = heat production at depth Z
Thus far, some regions have yielded results which indicate downward 
decreases of radioactivity in the crust (Hart et al., 1981; 
Hawkesworth, 197*1; Lachenbruch and Bunker, 1971), however, these 
studies have not been able to determine whether the HPE decrease is 
linear or exponential. Swanberg (1972) has presented evidence from 
the Idaho batholith which implies that heat generation decreases with 
increasing plutonic emplacement depth; implicit in this model is that 
all plutons examined have identical starting compositions (i.e. 
source materials) if the comparison of emplacements depths is to be 
valid. Hyndman (1983) has reviewed the diverse nature of the Idaho 
Batholith and the source related compositional differences between the 
granitoids. Therefore it is apparent that heat generation variations 
between granitoids with different emplacement depths in the Idaho 
batholith may be in part source related. In the Kapuskasing 
structural zone of Canada, a 20 km thick section of Archean crust has 
uniform low heat production with no significant enrichments in HPE at 
any crustal level (Ashwall et al., 1984). It appears to be difficult 
to generalize any HPE distribution in the crust as a whole; however 
crust with decreasing HPE with depth appears to be more common. The
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widespread applicability of the exponential distribution model may be 
largely due to the use of averaging for analytical convenience in 
geothermal calculations, rather than to a detailed geochemical 
correspondence to the model (J. Sass, pers. comm. 1984). However, 
the exponential HPE distribution model has been used to invoke 
"universal" geochemical processes throughout the crust ranging from 
gravitational ionic diffusion (Turcotte and Oxburgh, 1972) to more 
simple alteration processes (Albarede, 1975). If the exponential HPE 
distribution is to be considered a fundamental geochemical property of 
the crust, then it should be supported by a base of petrologic 
examples not only of the distribution, but more importantly of the 
geochemical mechanism responsible. If there is no universal vertical 
HPE distribution process in granitoid crust, then the possible 
alternative distributions and processes must be sought to aid in the 
interpretation of reduced heat flow (qr ).
In the search for a common crustal vertical HPE distribution 
mechanism, it should be recognised that processes operating 
horizontally across near vertical plutonic contacts are not 
necessarily the same as those operating vertically. Examples of the 
difference between vertical and horizontal fractionation are evident 
by comparing an eruptive sequence of silicic volcanic rocks that 
indicates fractionation toward the magma chamber roof (Hildreth, 
1981), with a plutonic zoning trend that indicates fractionation 
inward from the walls (Bateman and Chappell, 1979).
.
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A possible vertical HPE distribution mechanism has been proposed 
whereby a combined migration and diffusion process results in hydrous 
deuteric solutions migrating along intergranular paths toward and 
across contacts, carrying the HPEs (Buntebarth, 1976). This process 
however requires a large quantity of leachable uranium to cause 
significant enrichments in these elements. Uranium leaching data 
(Labhart and Rybach, 1974) indicates that this process is probably 
more applicable to uraniferous granitoids rather than to average 
granites. Albarede (1975) has proposed a dissolution-précipitation 
process for the vertical HPE distribution mechanism. Again, the model 
requires a large amount of leachable uranium plus the recycling of 
deuteric fluids to the base of the pluton. Plutons undergoing such a 
process would be expected to show pervasive deuteric alteration which 
is not always present in rocks that follow the linear relationship. 
Such fluid-rock interactions are undoubtedly the mechanism at work in 
country rocks near intrusions where the linear relation apparently is 
observed (Birch et al., 1968). However, such country rocks should not 
be used to rule out magmatic differentiation as a common vertical HPE 
distribution mechanism since country rocks near intrusions do not 
always abide by the heat flow relationship (Lachenbruch and Bunker, 
1971).
Tilling et al. (1970) have demonstrated the direct correlation 
between the rock differentiation index and heat production on a world 
wide basis. The study suggests that magmatic differentiation is at 
least the starting point for the distribution of HPE in the bulk of

138
intrusive igneous rocks. Many investigations have shown that the 
variable behaviour of HPE in granitoids is due to emplacement 
conditions and composition (Fowler, 1981; Ragland et al., 1967). 
Yet, according to the exponential distribution, all plutons within a 
heat flow region are required to have the same initial vertical HPE 
distribution*, regardless of age, size or composition. Geochemically 
such a distribution is highly improbable. While there is little doubt 
that much of the crust has undergone multiple re-distribution of HPE's 
due to deformation and metamorphism, these areas should be considered 
in terms of compound processes that may have occurred at quite 
different times (Jaupart et al., 1981). The identification of the 
initial HPE distribution mechanisms at work during the formation of 
granitoid crust will be a key factor in the understanding of HPE 
re-distribution and the crust's geothermal regime.
This paper examines the fractionation processes of HPE and 
rare-earth elements (REE) over a ^ 1  km vertical section through a 
granite pluton. Although this vertical section is much smaller than 
some that have been examined, the geological control we are able to 
place on the pluton and region is important to understanding the 
fractionation mechanism. In presenting these data, we hope to
* This is not strictly true if a number of assumptions are assumed to 
be true (Lachenbruch, 1970) and these are discussed in the 
Implications section of this paper.
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stimulate a more critical evaluation of the distribution of radiogenic 
heat production in the crust and its contribution to the linear heat 
flow - heat production relationship.
6.2 GEOLOGY OF THE PLUTON
The Sierra Nevada batholith is an ideal study area since it is 
comparatively young in age and most granitoids there do not have 
complex deformation and metamorphic histories. The Tinemaha 
Granodiorite was selected from the Sierra Nevada batholith for study 
because it is exposed over almost two vertical kilometres of 
topographic relief. Approximately half of this vertical section 
however, is due to Cenozoic faulting (Bateman, 1963) which 
down-dropped the pluton's eastern mass as part of a graben, so that it 
does not present a deeper level of exposure. The middle Jurassic 
pluton is considered to be the oldest member in the intrusive suite of 
the Palisade Crest and crops out over 160 km along the eastern edge 
of the Sierra Nevada batholith (Bateman, 1963; Bateman, 1981). The 
regional setting and overall characteristics of the Sierra Nevada 
batholith have been summarised by Bateman (1963). The geochemical 
make-up of the batholith has been documented elsewhere (Wollenberg and 
Smith, 1968; Dodge et al., 1982).
We have examined the western portion of the pluton which is a 
continuous mass cropping out along the Sierra Nevada crest between 
3024 metres and 4165 metres elevation. This portion of the pluton is
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well exposed as rugged mountain peaks produced during Pleistocene 
glaciation. A detailed geological map of this area was produced by 
Bateman (1963).
The preferred orientation of minerals and mafic inclusions within 
the pluton define an elongate northwest trending foliation arch. 
Large areas of horizontal foliation suggest the close proximity of the 
pluton's roof (P.C. Bateman, personal communication). Mafic 
inclusions occur throughout the pluton, but are only flattened near 
contacts. Blocky to angular mafic inclusions throughout the pluton's 
interior indicate that after emplacement the magma body solidified 
with little disruption from continued magma surges that might be 
expected to cause deformation by crowding.
The Tinemaha Granodiorite is compositionally zoned (Figure 6.1) 
with horizontal and vertical sampling traverses yielding independently 
consistent modal and chemical variations (Sawka, 1981). The general 
features of the pluton's zoning may be summarized as follows: 
horizontally, the outermost margin of the pluton is pyroxene-bearing 
hornblende-biotite-quartz diorite that grades into
biotite-hornblende-quartz monzodiorite which uniformly occupies the 
pluton's interior at lower elevations. The horizontally unzoned 
interior is vertically zoned and the quartz monzodiorite grades 
upward, over 900 metres to granite in which the colour index decreases 
from ^ 2 3  to 13. The vertical decrease in mafic minerals and 
plagioclase with the resulting increases in quartz and K-feldspar, is
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Figure 6.1. Modal stain slab point counts for the Tinemaha 
Granodiorite.
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reflected by the upward decrease in specific gravity as shown in
Figure 6.2. It is within this horizontally uniform portion of the
pluton that we have concentrated our examination of HPE and REE 
vertical fractionation.
The Tinemaha Granodiorite has been well studied by members of the 
U.S. Geological Survey as part of their overall Sierra Nevada 
batholith program (Dodge et al., 1968; Dodge et al., 1969). The 
texture of the Tinemaha Granodiorite changes from equigranular along 
the quartz diorite outer margin to porphyritic throughout most of the 
quartz monzodiorite-granite interior. The groundmass is typically 
hypidiomorphic-granular with only minor amounts of granoblastic mortar 
occurring along some grain boundaries. Groundmass grain size averages 
about 4mm throughout the pluton's interior with K-feldspar 
phenocrysts, commonly subhedral, averaging ^  1— 1.5 cm. Plagioclase 
crystals are normally zoned from cores of A n ^  to rims averaging 
An^^. Some plagioclase show complex zoning and a variety of mineral 
inclusions and alteration products.
Biotite occurs throughout the pluton and typically forms 
subhedral books containing abundant "secondary" sphene. Secondary 
sphene occurring with biotite is either totally included in biotite or 
may rim and fill fractures in the biotite. This secondary sphene is 
probably the result of re-equilibration of an earlier titanium-rich 
biotite. Biotite also occurs in mozaic-like aggregates without 
associated sphene, that Dodge et a l . (1969) suggested was formed by
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Figure 6.2. Relation between whole-rock specific gravity and 
elevation in the Tinemaha Granodiroite.
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recrystallization probably of pre-existing biotite. Biotite can be 
seen to grow at the expense of hornblende (Plate 6.1) throughout the 
interior of the pluton. The potassic alteration of hornblende (or 
pyroxene) to biotite becomes stronger at higher elevations where 
complete pseudomorphs are sometimes preserved (Plate 6.2). Even where 
the pseudomorphic shape is not preserved, the mineral assemblage is 
distinct, containing interlocking mats of biotite with secondary 
sphene, K-feldspar and quartz. These assemblages are always connected 
to intersertal K-feldspar crystals or cross-cutting microveinlets of 
K-feldspar and biotite (Plate 6.3). Locally, minor amounts of epidote 
are also associated with these areas of potassic alteration. The 
K-feldspar associated with hornblende alteration may exhibit a 
skeletal crystal form intergrown with biotite (Plate 6.3). Skeletal 
K-feldspar crystals have been shown experimentally to result from 
growth during undercooling (Lofgren, 1980).
Primary euhedral to subhedral groundmass sphene, up to 4 mm long, 
occurs throughout the interior of the pluton, except in the outer 
quartz diorite margin where it forms interstitial crystals. 
Overgrowths of sphene on magnetite are common throughout the pluton. 
Primary sphene frequently has optically continuous, three dimensional, 
dendritic growths of the host crystal (Plate 6.4). These "dendritic" 
sphene growths commonly occur in myrmekite and K-feldspar.
Allanite is uncommon in the Tinemaha Granodiorite. Subhedral 
uniformly dark brown allanite crystals from the top of the pluton may
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Plate 6.1. Late stage, fine grained, biotite growing at the expense 
of pre-existing hornblende. Plane polarized light.
Plate 6.2. Pseudomorphic replacement of hornblende by fine grained 
biotite, K- feldspar and minor sphene (box). Primary hornblende 
crystals uneffected by the biotite replacement appear in the lower 
left corner of the photomicrograph. Plane polarized light.
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Plate 6.2 F.O.V.= 11mm X 7mm


Plate 6.3. Enlarged view of hornblende pseudoraorph shown in Plate 2. 
Plane polarized light.
Plate 6.4. Large euhedral sphene with an extensively developed 
dendrite growth into K-feldspar. Note the sphene inclusions in the 
large primary biotite (left); these crystals are probably accidental 
inclusions due to their size and shape. Compare with sphene 
inclusions shown in Plate 6.7. X-Polarized light.
142d
Plate 6.4 F.O.V.= 5mm X 3.5mm
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be up to 4 mm long although < 1 mm is more common elsewhere in the 
pluton. These large allanite crystals are closely associated with 
primary sphene and K-feldspar. Elsewhere, allanite is included in 
hornblende but is rarely included in sphene. Thorite has been found 
in heavy mineral separates, and although these crystals are rare, they 
are ubiquitous in the pluton. Thorite separates are typically 
resinous amber to vitreous yellowish orange in colour. Qualitatively, 
mineral separates suggest that thorite may increase in abundance 
upward in the pluton. Zircon is common throughout the pluton and does 
not contain any relict cores. Apatite is ubiquitous and occurs as 
blocky subhedral to anhedral crystals associated with magnetite and 
biotite, and as extremely fine euhedral needles included in feldspars. 
Monazite does not occur in the pluton.
6.3 ANALYTICAL TECHNIQUES
Typical sample size crushed for analysis for this study was 
between four and six kilograms. Samples were collected in areas free 
of secondary hydrothermal alteration caused by younger intrusives. 
All mineral separates were hand picked to obtain the purest possible 
concentrates. The whole rock abundances of potassium, uranium and 
thorium were determined by X-ray fluorescence spectrometry using the 
methods described by Norrish and Chappell (1977). The X-ray 
spectrometry data were obtained using Philips PW1220 and PW1450 
spectrometers. Reported values for uranium and thorium are averages 
of duplicate analyses whereas potassium values are averages of
144
triplicate analyses. The elemental contribution to heat generation 
was calculated using the values of Birch (1954), incorporating the 
measured specific gravities of the samples.
Instrumental neutron activiation analyses of whole rock and
mineral separates were determined using a modified technique similar
to that of Jacobs et al. (1977) Samples of about 350mg were
12 -2 1
irradiated in a thermal neutron flux of 4 x 10 n cm sec” 
for 24 hours. Over a period of four days to six months, six counts 
were performed to obtain the full analyses. Accuracy of these 
analyses are estimated to be better than 10$. Reported values for 
whole rocks are averages from two separate irradiations.
Trace element zoning in accessory minerals was examined with a 
Cambridge Instruments spectrometer electron microprobe at the CSIRO 
Division of Soils in Adelaide, South Australia. Analyses were 
performed using the REE standards of Drake and Weill (1972) along with 
synthetic standards for U and Th from the CSIRO collection. 
Accelerating voltage was 25 kV and sample current was 200 nA. Mineral 
major element concentrations were determined with an energy dispersive 
electron microprobe at the Research School of Earth Sciences, 
Australian National University (Reed and Ware, 1975). Fission-track 
autoradiography was performed by J.F. Lovering and P. Kelly at the 
University of Melbourne. A synthetic glass standard containing 0.33 
ppm uranium was irradiated with the samples for calibrating the 
analysis of very low uranium areas.
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6.4 FISSION TRACK AUTORADIOGRAPHY
Fission track mapping of selected samples was used to determine 
the major sites for uranium and thorium. Throughout the pluton, 
fission tracks are associated with discrete phases and only minor 
amounts occur along grain boundaries in non-structural sites. These 
fission track results are consistent with granitoid leaching data 
(Labhart and Rybach, 1974) for rocks with low uranium contents. Due 
to its abundance, sphene is by far the dominant site for fission 
tracks. Nevertheless, zircon exhibits a higher density of fission 
tracks than sphene, whereas apatite displays a very much lower track 
density (Plate 6.5).
Throughout the pluton's interior, fission tracks are concentrated 
in primary sphene crystals. These primary sphenes are zoned with 
higher fission track densities along the rims.
Areas typical of the potassic alteration of hornblende display 
low fission track densities, Plate 6.6, indicating that this 
alteration is not responsible for the vertical enrichment in HPE's. 
Veinlets leading from these areas of potassic alteration exhibit low 
track densities, thus indicating that some uranium was being carried 
by the late stage melt-fluid phase. Fine grained biotites in the 
potassic alteration veinlets contain some fission tracks, Plate 6.7, 
but not enough to cause significant enrichment. Lime green to golden 
yellow zeolite lenses in biotites from high elevations contain a few
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Plates 6.5-8. These plates are photomicrographic pairs; the left 
photo (a) in each pair is the thin section in plane polarized light 
and the right photo (b) is the corresponding lexan fission track 
record.
Plate 6.5. Primary euhedral sphene (S), zircon (Z), and apatite (A). 
Apatite shows an extremely low tract density compared to the sphene 
and zircon. Grain boundaries between biotite (top, right and bottom) 
and plagioclase (colourless) do not have associated fission tracks.
Plate 6.6 . Pseudomorphic replacement of hornblende by biotite, with 
minor sphene and K-feldspar (center) with an overall low track 
density. Microveinlets (V) showing associated fission tracks.
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Plate 6.7. Large biotite crystal cross-cut by fine grained biotite 
(B) showing few associated fission tracks. Small secondary sphene 
growths (S) in biotite display moderate track densities. Fine green 
zeolite (Z) show few associated tracks.
Plate 6.8. Euhedral sphene with a well developed dendritic growth 
displaying extremely dense concentration of fission tracks.
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fission tracks, Plate 6.7. Fission tracks in zeolites can be ascribed 
to uranium adsorption (Speer et al., 1981).
Secondary sphene reaction inclusions within biotite also exhibit 
consistently high fission track densities although not as high as the 
primary sphenes, Plate 6.7. Dendritic sphene overgrowths, Plate 6.8, 
have very high fission track densities; they are even higher than the 
host primary sphene. Allanite exhibits high fission track densities 
with little conspicuous zoning. Thorite has not been identified in 
thin sections subjected to fission track mapping.
6.5 WHOLE ROCK GEOCHEMISTRY AND ACCESSORY MINERAL COMPOSITIONS
The whole rock abundances of heat producing elements in the 
Tinemaha Granodiorite together with sample elevations are listed in 
Table 6.1. The concentrations of uranium, thorium, and potassium are 
shown in Figure 6.3 as a function of elevation for the central 
position of the pluton. Uranium and thorium increase markedly upward 
in the pluton, and potassium exhibits similar though more erratic 
behaviour. Both uranium and thorium concentrations approximately 
double over the vertical section of one kilometre; if the trend 
continued linearly downward, both elements would be completely absent 
in little more than one kilometre below the present surface ( 2200m 
elev.). Likewise, the vertical variation for potassium would approach 
zero at about two kilometres depth. If the vertical distribution of
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Table 6.1.Uranium, thorium and potassium X-ray 
spectrographlc analyses for whole rocks, sample 
elevations, specific gravities and calculated 
sample heat generation.
Sample Elevation 
(metres)
U
ppm
Th
ppm
K
%
H.G. 
/K Wm~3
Spec . 
Grav.
PAL 29 3663 4 5 16.8 3.69 2 .76 2.73
" 62 3706 3. 7 18.3 3.53 2.66 2.74
" 64 3658 3. 7 17 . 2 2.69 2 .50 2.73
" 68 3810 4 9 22.9 3.77 3.36 2.75
5 4080 5. 2 21 .2 3.71 3.24 2.70
" 73 3828 5. 0 24.0 4 .22 3.45 2.70
•• 74 3901 4 2 18.6 4.01 2.86 2.73
" 75 3682 4 2 19.0 4 .05 2.91 2.75
" 76 3560 3. 2 18.0 3.86 2.55 2.75
" 57 3292 3. 7 15.3 3.33 2.45 2.76
" 60 3475 4 7 16.7 3.55 2.84 2.76
" 31 3877 4 2 18.0 3.72 2.80 2.74
" 55 3708 4 .5 16.7 2.58 2. 68 2.75
" 58 3999 5. 3 23.3 4.12 2.49 2.71
" 56 4165 6 .7 32.9 3.83 4 .50 2.71
" 28 3353 4 5 17.5 3.43 1 .79 2.73
" 19 3292 4. 2 15.0 2.87 2.56 2.81
Table 6 . 2. Représentâtive INAA results from whole rocks and 
mineral separates from the Tinemaha Granodiorite. High 
elevation sample PAL 56 and low elevation sample PAL 57
Whole rocks Sphene Zircon Apatite
PAL 57 56 57 56 57 56 57 56
La 40. 9 39 .6 2468 2689 112 173 895 1402
Ce 81 .6 74 . 2 6065 7608 124 253 767 1445
Nd 31 .3 26 . 1 2825 3862 - - 244 484
Sm 6 .08 4 .92 583 871 9 12 34 71
Eu 1 .34 1 .05 79. 6 102.7 2.5 2.5 5. 9 7
Gd 4 .8 3 .7 - - - - - -
Tb 0 .60 0 .45 60 90 15 17 4 7
Ho 0 .76 0 .69 71 120 47 45 5 11
Yb 2 .04 1 .83 177 268 475 497 14 25
Lu 0 .32 0 .29 26. 1 38.8 106 115 2 .,5 4
Th 15. 3 35 .5 993 782 506 583 50 125
U 3. 8 6 .4 169 147 686 780 26 33
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Figure 6.3. Relation between whole-rock U, Th and K with sample 
elevation in the Tinemaha Granodiorite.
147
the HPE's is governed by an exponential function, then the decrease 
would be more gradual.
Tilling et al. (1970) suggested that vertical sections of up to 
5 km might be required to detect statistically significant trends in 
heat production. However, in the Tinemaha Granodiorite, field 
relations and petrology jointly support the whole rock geochemical 
trends as real and significant within the section. In Figure 6.4, the 
Th/U ratio is shown as function of elevation. For the vertical 
section only a slight increase in Th/U is evident. It is significant 
that thorium appears to increase more rapidly than uranium which is 
normally considered to be more mobile.
The whole rock REE concentrations for representative Tinemaha 
Granodiorite samples are listed in Table 6.2. The light REE enriched 
chondrite normalized patterns, Figure 6.5, are similar to other Sierra 
Nevada plutons (Dodge et al., 1982). Middle REEs decrease in 
abundance upward in the pluton by similar amounts. The La and Ce 
abundances decrease much less upward in the pluton, than do other 
REEs, with La remaining nearly constant. This relationship indicates 
that sphene was fractionated in sufficient quantity so as to decrease 
mostly the middle and heavy REEs. The lesser upward depletions in the 
lightest REE's is predictable with sphene and/or hornblende 
fractionation due to its strong discrimination against these REE's 
(Green and Pearson, 1983; Sawka et al., 1984).
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Figure 6.4. Relation between Th/U and sample elevation in the 
Tinemaha Granodiorite.
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Figure 6.5. Whole rock chondrite normalized REE plot for a high
elevation sample, BPc-29 (open symbol) and low elevation sample BPc-20
(solid symbol). The vertical interval between samples is 
approximatelly 900 metres.
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The systematic thorium and potassium increase upward in the 
pluton can be related directly to increases in allanite (±thorite?) 
and K-feldspar abundances. However, the upward increase in whole rock 
uranium is not accompanied by an increase in any phase likely to 
concentrate this element. Mineral separations indicate that heavy 
non-magnetic accessory minerals (S.G. > 3.32) decrease by over 30$ 
(weight) upward in the pluton. This upward decrease in accessory 
minerals is reflected by the middle and heavy REE whole rock 
abundances which decrease by approximately 20$.
Selected accessory minerals were examined for trace element 
concentrations and are listed in Table 6.2. Sphenes from the highest 
elevation contain higher REE and lower U and Th concentrations than 
sphenes from the lower elevations, Figure 6.6A. It is evident that 
the upward enrichment of uranium and thorium is not due to higher 
concentrations within primary crystals. The high elevation sphene 
mineral separate exhibits a well-defined La anomaly suggesting 
previous allanite crystallization (Sawka et al., 1984). Previous 
allanite crystallization is also indicated by the much greater 
depletion of Th than of U in the high elevation sphene separate. 
Zircon and apatite from the highest elevation sample contains higher 
REE, U and Th concentrations than that from the lower elevation, 
Figure 6.6B and 6.6C. There is no significant change in the ratio of 
Th to U in zircon with increased elevation. Apatite from the highest 
elevation sample contains more than twice the Th concentration as the 
lower elevation sample.
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Figure 6.6A. Chondrite normalized (Hanson, 1980) REE plot of sphene 
mineral separates from a high elevation sample BPc-29 (open symbol) 
and a low elevation sample BPc-20 (solid symbol). Samples are the 
same as those plotted in Figure 6.7.
M
i
n
e
r
a
l
 
/ 
c
h
o
n
d
r
i
t
e
148b
Figure 6.6B. Chondrite normalized (Hanson, 1980) REE plot of zircon 
mineral separates. Symbols as figure 6.6A .
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Figure 6.6C. Chondrite normalized REE plot (Hanson, 1980) of apatite 
separates. Symbols as figure 6.6A.
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The overall enrichment of REEs in the high elevation accessory 
minerals of Sample BPc-29 suggests the crystal/melt REE partition 
coefficients were higher in that sample. While the higher REE content 
of the accessory minerals would have resulted by crystallization from 
a REE-enriched melt with the same partition coefficient as the lower 
elevation sample, this seems unlikely since the high elevation rocks 
also contain the lowest REE content. We suggest that the REE 
partition coefficients were higher in these rocks. The upward 
increase in accessory mineral REE partition coefficients resulted in 
higher sphene, zircon and apatite REE contents even though whole rock 
REE abundances and modal accessory minerals decreased upward. The 
larger partition coefficients probably resulted from changes in the 
melt structure occurring during fractionation (Mysen and Virgo, 1980). 
Increases in melt polymerization are well documented causes of larger 
trace element partition coefficients in silicic melts (Mahood and 
Hildreth, 1983).
Recently we have found light REE zoning in sphene and allanite to 
be extremely useful in determining crystallization sequences in 
granitoids (Sawka et al., 1984). Details provided by microprobe 
analyses of these REE-rich minerals are critical to assessing the HPE 
enrichment mechanism. Representative analyses of sphene and allanite 
determined by microprobe are listed in Table 6.3. Analyses of 
thorites from the pluton indicate that the main thorium substitution 
is by uranium (Th/U 9). Zoning in primary sphene is pronounced, 
with cores containing higher REE but lower U contents than the rims.
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Table 6.3.Microprobe analyses of representative 
accessory minerals from the Tinemaha Granodiorite, 
Sample PAL 56
Sphene Allanito
groundmass dentrite inclusion
core rim core rim
Si02 29 .74 30 .45 30.79 31 .46 29 .25 29 .76
Ti°2 35 .43 36 .84 34 .88 35 . 10 2 .56 2 .49
a 12°3 1.46 1 . 17 1 . 10 1 .11 11 .52 11 .36
FeO 2 . 11 1. 16 1 .31 1.34 15 .76 15 .38
MnO 0 . 28 <0 . 10 <0.10 nd 0 .74 0 .76
MgO <0 .05 nd nd nd 0 .27 0 .28
CaO 27 .51 27 .31 29.36 29 .40 11 .48 11 .51
La2°3 0 .30 0 . 24 0.11 0 .10 12 .51 11 ,.44
Ce2°3 1 .31 0 .62 0.20 0 . 26 8..68 7..84
Nd2°3 0, 89 0..20 0.08 0 .06 0..46 0..42
Dy2°3 0. 12 0. 06 nd 0 .03
Th02 0. 08 0. 07 <0.03 <0 . 03 1 . 31 1 .08
uo2 <0. 03 0. 03 0. 23 0 .06 <0. 03 0. 05
F 0. 11 0. 19 * 0 . 23 *c it
Tota 1 99. 50 98. 55 98. 19 99/18 94 .57 82. 37
Th/U 2. 4 2. 1 0. 145 0 . 06 38. 2 22. 7
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Thorium is apparently slightly lower at primary sphene rims relative 
to the core concentrations. However, the thorium concentration of 
these primary sphenes is too low to provide high quality microprobe 
analyses. REE zoning in primary sphene throughout the pluton's 
interior is very similar and an average is presented in Figure 6.7 as 
a chondrite normalized diagram. The low REE content in primary sphene 
rims could be attributed entirely to simple crystallization from a 
REE-depleted interstitial melt. However, sphene in mafic inclusions 
and hornblende gabbros that we have examined has a nearly constant REE 
content from core to rim. These more mafic rocks would also 
crystallize rims of sphene from interstitial melt, but do not exhibit 
appreciable REE zoning. We propose that as fractional crystallization 
proceeds, volatiles (fluorine in particular) may become significantly 
enriched in the late stage melt. If the fluorine concentration in the 
melt becomes high enough, it may begin to depolymerize the late stage 
melt by the distortion of the aluminosilicate framework (Burnham,
1979). This would result in producing more sites allowing large 
highly-charged cations such as the REEs to remain in the melt. Such a 
process would result in lower REE partition coefficients being 
developed, even after increasing melt polymerization may have 
increased these partition coefficients earlier in the process. 
Possibly, as the remaining REE complexes become stable in the late 
stage melt, fluoro-uranium complexes begin to concentrate in the 
groundmass sphene rims. This process is supported by the higher 
fluorine contents found in groundmass sphene rims relative to the core 
concentrations, Table 6.3. A similar process is thought to produce
M
in
e
ra
l 
/ 
c
h
o
n
d
r
it
e
150a
Figure 6.7. Chondrite normalized (Hanson, 1980) REE plot of sphene 
compositions determined by electron microprobe. Euhedral groundmass 
sphene core (solid box) and corresponding rim (open box). Secondary 
sphene growth in biotite (open circle) and sphene dendrite (star).
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unusually high REE and low uranium concentrations in A-type granites 
(Collins et al., 1982), and may also apply to other granitoids during 
final solidification. Data from high-silica rhyolites (Mahood and 
Hildreth, 1983) further suggest that these processes should commonly 
occur when magmas completely crystallize in situ without being 
erupted. We have noted this elsewhere in the suite where optically 
zoned allanite crystals also exhibit REE-depleted and Th-enriched rims 
(Sawka et al., 1984).
Sphene reaction inclusions in biotite (Table 6.3) contain 
slightly higher uranium and lower thorium concentrations than 
co-existing groundmass sphene. The low Th/U in these secondary 
sphenes could be due to either the earlier crystallization of a 
thorium-rich phase(s) or to differences in U and Th diffusion rates 
through the biotite structure. The REE content of these secondary 
sphene inclusions is approximately 65$ less than that of co-existing 
groundmass sphene, Figure 6.7.
In a microprobe examination, dendritic sphene growths were found 
to contain up to 1.2$ uranium, with less than 0.03$ thorium, Table 
6.3. Average sphene dendrites contain more than 0.2$ uranium and are 
extremely variable even within single samples. These sphene dendrites 
are among the most uranium-rich sphenes yet reported in nature (Ribbe,
1980). Sphene dendrites have REE concentrations similar to that of 
the secondary sphene inclusions. The fact that both secondary and 
dendrite sphene contain significant REE concentrations further
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suggests that groundmass sphene REE zoning is due to more processes 
than simple depletion of interstitial melt.
The progressive change in the chondrite normalized La/Ce ratio 
between the different sphene occurrences must result, at least in 
part,from a changing La/Ce ratio in the melt. The large negative La 
anomaly in the groundmass sphene cores indicates that allanite 
crystallized largely before the groundmass sphene. The progressive 
disappearance of the negative La anomaly in groundmass sphene rims, 
secondary sphenes and sphene dendrites, respectively, indicates that 
allanite did not continue to crystallize in significant concentrations 
from the later melt. Therefore, the onset of sphene and/or hornblende 
crystallization resulted in a continuous La/Ce melt increase.
Allanites from the upper part of the pluton are essentially 
unzoned, with only slight REE and Th depletion and uranium enrichment 
at the crystal rims relative to the core (Table 6.3). These allanites 
are somewhat unique because they contain a greater concentration of La 
than Ce. A chondrite normalized REE plot of this allanite is 
presented in Figure 6.8. The extreme allanite La enrichment was 
apparently due to previous sphene crystallization increasing the melt 
La/Ce. Yet, from the decreasing negative La anomaly in the 
co-existing sphene phases, crystallization of these sphenes did not 
cause high La/Ce in the melt until a very late stage. Thus, an early 
sphene phase was apparently completely fractionated from this part of 
the magma before allanite began to crystallize and was then followed
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Figure 6.8. Chondrite normalized (Hanson, 1980) plot of allanite
composition determined by electron microprobe. Solid symbol is the
core concentration while the open symbol is the corresponding rim 
composition. Sample BPc-29
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by the coexisting sphene phases that we have analysed. Such early and 
complete sphene fractionation from the magma with the newly 
differentiated magma crystallizing allanite before sphene also occurs 
in the McMurry Meadows pluton (Sawka et al., 1984).
The vertical decrease in whole rock REEs with increasing La/Sm is 
consistent with simple sphene and/or hornblende fractionation, but the 
upward Th/U increase is not. Furthermore, if upward melt migration 
with sphene fractionation had occurred in the vertical section, then 
previous allanite crystallization would have caused a substantial La 
and Th depletion of this melt. Therefore, the upward 
enrichment/fractionation trends for U, Th and REEs can not be 
attributed to upward melt migration within the vertical section. In 
the Palisade Crest plutons, we have found chemical and mineralogical 
zoning trends to be consistent with boundary layer differentiation 
processes along the sidewalls, (Turner, 1980; Sawka and Chappell, 
1984) details of which will be presented separately. We have found no 
evidence to support crystal settling within the pluton.
6.6 FRACTIONAL CONTRIBUTION OF MINERALS TO WHOLE ROCK REE HPE TOTALS
The examination of accessory mineral compositions, as discussed 
above, now allows the contribution of each mineral to the whole rock 
total to be evaluated. The main shortcoming with this evaluation is 
that the extremely low abundance of the accessory minerals makes its 
contribution to the whole rock element total difficult to estimate.
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To reduce this problem, we combine the distinctive REE concentrations 
of the accessory minerals with their U/Th to provide an internally 
consistent volume estimate. A rock budget diagram, Figure 6.9, for 
Dodge's sample BP-1 (Dodge et al., 1982) was constructed from the 
available mineral data on the pluton for U, Th, La and Yb. Whole rock 
REE control by accessory minerals is well known (Gromet, 1979). To 
construct the diagram we used modal mineral percentages for major 
mineral phases and the normative percent for apatite abundance. 
Zircon was assumed to be present in the proportion 0.1$ per 700 ppm 
Zr. Sphene was considered to contribute the remaining total Yb and 
its volume percent was calculated from its composition (BPc-20 
sphene). The abundance of allanite was calculated by the deficiency 
in the cerium budget using the mineral abundances from the Yb budget 
for the rock. These mineral abundances were then used to construct 
the uranium and thorium budget. While the Ce and Yb whole rock 
budgets were calculated to total 100$, the U and Th rock budgets fall 
short of this total. However, the small thorium deficiency was 
accounted for simply by the addition of trace amounts of thorite and 
this did not affect the REE budget totals. The large uranium 
deficiency is little changed by the addition of thorite. The uranium 
deficiency can only be reconciled by the addition of a phase with an 
extremely low Th/U and REE content. The dendritic sphene growth is 
the only phase that can reasonably account for this uranium 
deficiency. Uranium is the only HPE for which it is possible that 
vertical enrichment may have been facilitated, some, by late stage 
microfracturing and upward volatile migration. Any volatile release
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Figure 6.9. Calculated rock budget diagram for the Tineraaha 
Granodiorite, indicating the fractional contribution of minerals the 
whole rock concentration for Th, U, Ce and Yb. The vertical scale is 
a logarithmic.
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by microfracturing would result in quenching, and the skeletal 
K-feldspar and the sphene dendrite textures might have resulted from 
such a process. However, the upward increasing whole rock Th/U is not 
indicative of significant uranium migration within the examined 
section.
6.7 IMPLICATIONS OF THE VERTICAL HPE FRACTIONATION
The rapid upward increase in HPE observed here does not 
unambiguously support either a linear or an exponential distribution 
model (Figure 6.10); however, such a rapid vertical variation can be 
interpreted as the extreme fractionation predicted by an exponential 
distribution model for the top of a magma chamber. Assuming that a 
linear heat flow - heat generation relationship is valid for the 
Tinemaha pluton, the implications of the HPE distribution are now 
considered.
According to Lachenbruch (1968), the direct calculation of the 
characteristic depth scale D, from vertical heat generation variations 
in plutons, will provide a check on the combined heat flow and heat 
generation results. Linear regression lines were fitted to the data
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in order to average the trends. The D values were then calculated for 
a one kilometre vertical interval using the equation:
-( z2-z )
Dn = ---------------
In[ A(Z2)/A(Z1)]
where: Dn = depth scale for element n in km
Z2 - Z1 = vertical interval, 1 km 
A(Zx) = heat generation at elevation X
which results from the exponential distribution equation (Lachenbruch, 
1968) by equating two independent Z values. The calculated depth 
scales for the Tinemaha Granodiorite are listed in Table 6.4- along 
with values from other Sierra Nevada studies. Calculated values from 
this study are much lower than published regional values from combined 
heat flow and heat production. Values given by Jaupart et al. (1981) 
for the distribution of individual elements (Table 6.4-) vary over two 
orders of magnitude and are suggested to result from different 
distribution mechanisms at various times. All depth scales for the 
Tinemaha Granodiorite are in close agreement and suggest accordingly 
that only one distribution mechanism took place.
Our results imply tfiat plutons within the same heat flow province 
do not observe the same exponential law (same D value), but distribute 
HPE vertically according to the physical and chemical factors of the 
magma fractionation. The large discrepancy between the depth scale 
calculated directly and those calculated from combined data could
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Table 6.4.Characteristic depth scales (kms) for heat 
generation (HG), uranium (U), thorium (Th) and 
potassium (K) for the Sierra Nevada heat flow provinces
DHG dU Dyjj Dk Reference
2.2 2.4 1.7 3.9 this study
10.3 17.9 0.2 21.6 Jaupart et a l . (1981) 
10.1 - Lachenbruch (1968)
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reflect the "mean" value given by the combined data. The larger 
"mean” depth scale for the batholith from combined heat flow and heat 
generation data could be due to deep crustal radioactivity beneath the 
plutons that are being averaged. The large differences in elemental 
depth scales from combined data (Jaupart et al., 1981), Table 6.4-, are 
probably not the result of different distribution mechanisms operating 
at various times, but rather result from combining unique 
distributions within unrelated plutons. Other small depth scales for 
the Sierra Nevada have also been directly calculated (Lachenbruch and 
Bunker, 1971) but were largely discounted because of the statistical 
uncertainty in the size of perturbations. The uncertainty due to 
random perturbations within the Tinemaha Granodiorite section are 
minimal because of the good field control and overall petrologic 
evidence for whole rock vertical zoning (Sawka, 1981). Heat 
production in the Eastern Alpine granitoids has also been found to 
decrease with depth much more rapidly than was predicted (Hawkesworth, 
1974) from combined heat flow - heat generation data. We consider the 
HPE distribution in the Tinemaha pluton and other geochemically 
calculated small depth scales (D) to be a real and significant 
departure from those of the region as predicted from heat flow. If 
both the small geochemically calculated distribution values and those 
from combined heat flow and heat generation are correct, then this 
must imply that regions of relatively high heat production may occur 
deep in the crust.
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Since no heat flow data are currently available for the Tinemaha 
Granodiorite a complete geothermal model cannot yet be established. 
However, the implications of a small depth scale, D, on the geothermal 
structure beneath the pluton can be considered in terms of the linear 
regional heat flow-heat generation relationship for two cases: 1) 
"normal" surface heat flow and, 2) a constant mantle thermal imput, 
#
q (Lachenbruch, 1968). The prediction of a normal surface heat
flow is implicit to the linear relationship. Thus, in a
well-established heat flow province, heat generation values should be
indicative of normal heat flow. For the Tinemaha Granodiorite normal
_2
surface heat flow should be 42-63 mWm and this should require an
#
abnormally high mantle thermal input, q , due to the smaller 
calculated D value from the pluton than elsewhere in the batholith. 
This would require either that the depth to, or the thermal input from 
the mantle varies greatly in this region. However, this is not 
indicated by the regional gravity and seismic data (Bateman, 1981). 
It is possible that an intermediate layer above the mantle and below 
the pluton could contribute to the normal surface heat flow. Such a 
layer would be required to have a similar seismic velocity and density 
to that of the pluton. Clearly another pluton(s) beneath the Tinemaha 
Granodiorite is a possibility within this model, as is a residual 
source region with high heat production.
#
For the case of a normal mantle thermal imput, q , beneath the 
pluton, an extremely low surface heat flow is suggested. Since the 
slope of the heat flow - heat production line should be fixed by the
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vertical HPE variation, the pluton's contribution to surface heat flow 
is also fixed. The Tinemaha Granodiorite should contribute
_p
approximately 5.4-10.0 mWm to surface heat flow. Regional Sierra
* - 2
Nevada mantle contribution, q of 16.7 mWm (Lachenbruch, 1968)
sets a limit for the total mantle-pluton heat flow contribution at 
_2
22.2-26.8 mWm . Thus, any measured surface heat flow in excess of 
the pluton-mantle contribution must be attributed to a heat source 
other than the pluton. The implication is once again for high heat 
production regions beneath the pluton. Again, it should be emphasized 
that these simple geothermal models are subject to large errors due to 
the limited size of the section examined (Lachenbruch and Bunker, 
1971).
6.8 IMPLICATIONS TO SIERRA NEVADA HEAT FLOW
Eventhough no example of an exponential distribution of heat 
producing elements has been rigorously demonstrated to exist 
geochemically anywhere in the world, this model has remained widely 
accepted (Oxburgh, 1980). Thus far, it has been nearly impossible to 
reconcile a linear heat generation - heat flow relationship and an 
exponential distribution model in terms of a general geochemical 
process, let alone to find such a distribution. Our data imply that 
no universal HPE distribution process exists in the Sierra Nevada 
batholith, and leads us to a re-examination of current geothermal 
models.
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Geophysical interpretations based on data from shallow heat flow 
holes (< 2 km) are of some concern when extrapolated to great depths. 
For example, measurement of the bottom hole steady state temperature 
requires that only conductive heat transfer occur below this depth, 
yet even the thermal conductivity will change with the rock's 
foliation direction (Oxburgh, 1980). Heat flow measurements from 
shallow bore holes are always subject to interpretation since 
convective heat transfer by circulating water could occur beneath an 
apparently conductive heat transfer system. This is the case in drill 
holes JM and SM (Lachenbruch et al., 1976) where a hydrolic 
disturbance is thought to occur beneath apparently conductive heat 
flow systems. Certainly, circulation of groundwater to depths 
approaching 2,000 m is not geologically unreasonable.
At this point it is necessary to explain our earlier statement 
that all plutons within a heat flow province are required to have the 
same initial vertical HPE distribution according to the exponential 
distribution model. Lachenbruch (1970) has proposed a series of four 
assumptions, which if all are valid, removes the requirement that the 
initial HPE distribution be uniform throughout the region but retains 
the requirement that the rate of downward decrease (D value) be 
uniform throughout the region. Thus within the context of this model 
plutons may be compositionally unrelated (i.e. different initial mean 
concentrations for HPE) as long as the HPE are exponentially 
fractionated according to the same D value. However, we find two of 
Lachenbruch's (1970) four assumptions subject to question. Firstly,
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assumption C states that the linear relationship betweeen heat flow 
and heat generation remains valid after differential erosion. Yet, 
there is very little evidence from anywhere in the world, so far as we 
are aware, to support this assumption. Lachenbruch (1970) also 
suggests that differential erosion of 10km would not be unreasonable 
in plutonic-orogenic areas. This may be true, but the Sierra Nevada 
batholith is not such an area since the metamorphic grade (upper 
greenschist) of the country rocks is uniform accross this part of the 
batholith. Currently no more than about 2 km of differential errosion 
is thought to occur accross the batholith (P.C. Bateman, pers. comm. 
1984). Figure 6.11 shows the relationship between heat flow and heat 
generation in the Sierra Nevada batholith unlabled points are from 
Cretaceous granitoids. Particular attention is worthy of the four 
labelled points in Figure 6.11, THE, THW, JM and SM, as all of these 
heat flow holes are in the same Sierra Nevada granitoid sequence, the 
Triassic Scheelite sequence (Bateman, 1981; Bateman and Dodge, 1970) 
and all exhibit "apparently” conductive heat flow independent of 
depth. In the Sierra Nevada batholith some anomalously high heat flow 
values that depart from the linear relationship (eq. 1) may be 
explained by recent magmatism (Lachenbruch et al., 1976) and have been 
omitted from Figure 6.11. The THE and THW heat flow holes are only a 
few kilometres apart yet differ in both heat flow and heat production 
by about one third the total variation that occurs in the batholith. 
Previously, heat flow holes JM and SM have been included in the Basin 
and Range heat flow province rather than the Sierra Nevada province 
(Lachenbruch et al., 1976). However, the Basin and Range heat flow
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province is characterized by much higher heat flow than the Sierra 
Nevada province. Yet, holes JM and SM are anomalously low in heat 
flow even for the Sierra Nevada province. Geologically we find no 
reason to exclude these two heat flow stations from the Sierra Nevada 
heat flow province. It is important to note that all four of these 
heat flow holes in Triassic granitoids are thermally anomalous and 
that only the heat flow holes in the Cretaceous granitoids observe the 
linear relationship in equation 1.
Assumption D (Lachenbruch, 1970) asserts that heat production at 
the base of the variable layer (i.e. the vertically fractionated 
granite crust) is "small’'. In this context small is considered to be 
much less than the value of q^ for the region. It is clear that if 
heat production at the base of the variable layer were equal or 
greater than q^ it would be impossible for surface heat flow values 
to approach the q^ value. Yet, it is evident from Figure 6.12 that 
assumption D can only hold for the western Sierra Nevada granitoids 
which are intrinsically low in HPE and chemically distinct from the 
eastern Sierra Nevada granites. Whereas, granitoids (and residual 
source materials?) deep below the eastern Sierra Nevada probably have 
heat productions higher than those of the western granitoids at the 
surface or at depth. Therefore, according to Lachenbruch (1970) if 
assumptions C and/or D are invalid, the exponential HPE distribution 
model requires that the initial HPE concentration be the same from one 
pluton to another at a given height above the base of the variable 
layer.
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Within the above constraints, the exponential depth-distribution 
law (Lachenbruch, 1968) for the Sierra Nevada now requires that all of 
the granitoids be related by simple fractionation and subsequent 
differential erosion. However, the Sierra Nevada batholith is at 
present thought to have been generated from two fundamentally 
different types of crust (Kistler, 1983): 1) 1700 m.y. old sialic 
crust on the east side and 2) accreted oceanic crust on the west side, 
with no mixtures of these two components yet found in the batholith's 
plutons (pers. comm. R.W. Kistler. 1983). Figure 6.12 illustrates 
the difference between heat generation fractionation trends for 
granitoids generated from the two types of crust. Clearly these 
plutonic heat generation-fractionation trends are not part of an 
exponential continuum across the batholith. Even if the western and 
eastern granitoid types could be compositionally related in some way 
the uniform metamorphic grade throughout the Sierra Nevada precludes 
large amounts of differential erosion required by the exponential 
distribution.
The fact remains that there is no direct geochemical evidence to 
support a crustal geochemical mechanism causing an exponential HPE 
distribution in the crust. Even the Vredefort structure (Hart et al., 
1981) which presents a crustal thickness of more than 10 km suggests 
only a slight and irregular decrease in radioactivity with depth, 
Figure 6.13. The most provocative recent challenge to currently 
accepted geothermal models has come from the Kola superdeep drill hole 
(> 11.5 km) where the results indicate that the "contribution of heat
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Figure 6.12. Relation between whole rock SiO^ content and heat 
generation in the Sierra Nevada batholith for western foothills 
tonalite-trondjemites (solid symbols) and granitoids from the central 
and eastern portions of the batholith (open symbols). Note the 
tonalite-trondjemites are inherently low in heat production and change 
little with increasing whole-rock SiO^ content. Data are from 
unpublished ANU analyses of the authors for the Bald Rock pluton 
filled triangles, Palisade Crest region - open circles, unpublished 
analyses of Jason Saleeby for the Kings Canyon National Park region 
filled inverted triangles, Yosemite National Park region (Bateman and 
Chappell, 1979; Peck and VanKooten, 1983) - open triangles, central 
Sierra Nevada (Dodge et al., 1982) - boxes, with Red Lake and Eagle 
Peak plutons (Noyes et al., 1983) - open diamonds.
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Figure 6.13* Whole-rock thorium variation with "depth” in the upper 
part of the Vredefort structure, NE and NW zones (Hart et al., 1981). 
Line shown is a linear regression indicating only a slight decrease in 
thorium with depth.
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from radioactive decay within the rock penetrated by the borehole 
proved to be insignificant and the main source of heat appears to be 
the mantle” (Kozlovsky, 1982); additionally, the geothermal gradient 
below 3 km is 2.5 times greater than predicted. However, as yet there 
is not enough detailed information published on this deep hole to 
properly evaluate the implications.
We conclude that serious questions remain in the interpretation 
of the HPE distribution in the crust. Until there is direct 
geochemical evidence to support an absolute exponential distribution 
of HPE, alternative distributions should not be discounted. Until 
recently high radioactivity deep in the crust in partial melting 
regions appeared geochemically unreasonable. Experimental evidence 
presented for the U and Th concentrating minerals zircon (Watson and 
Harrison, 1983), apatite (Watson and Capobianco, 1981) and sphene 
(Heilman and Green, 1979) indicate that these phases will be contained 
in residual source materials after granite genesis under many 
conditions. These results further imply that thorite, with similar 
chemistry to zircon (Mumpton and Roy, 1961), and monazite similar to 
apatite, may also be refractory after partial melting in some cases. 
Therefore it appears unlikely that residual source regions of all 
granites will have the lowest HPE concentration in the crust as is 
implied by a strict exponential HPE distribution model.
The basement of the Sierra Nevada is not uniform in composition 
but heterogeneous (Domenick et al., 1983). Therefore, we suggest that
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the vertical distribution of HPE is controlled by heterogeneous 
crustal blocks that vary in thickness and distribution beneath the 
Sierra Nevada batholith. Among the rock types that may be represented 
below the Sierra Nevada batholith, there are: lower crustal granulite 
facies material probably with a low (?) heat production, residual 
source materials from the granitoids at least two types one with low 
heat production (western) and one with higher heat production 
(eastern), and metamorphic country rock displaced downward during 
granitoid emplacement probably with quite variable heat production. 
Thus, transitions between rock types with depth in the batholith may 
be quite abrupt and erratic with high heat production regions 
occurring at great depth, unfortunately such a model for the crust 
beneath the Sierra Nevada does not avail to generalizations of other 
portions of the crust. However, the heterogeneous crustal block model 
is reasonable geologically, mainly due to the simplicity of the 
consistent observations (i.e. chemical fractionation trends, volcanic 
xenolith examinations, metamorphic grades, experimental phase 
relations, etc.) much more so than a "universal” distribution process 
which operates independently of rock type, composition, temperature, 
water, pressure or age. The indication that the linear heat flow - 
heat production relationship may not be the result of an exponential 
distribution is not unique to the Sierra Nevada batholith. Recent 
evidence from the southern Appalachian of the USA supports a uniform 
distribution of heat production with depth (Constain and Glover, 
1979). Anomalously high heat flow in Southeastern Australia has been 
correlated with S-type granites whose residual source regions are
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thought to contain higher radioactive heat productions than the 
surface granitoids (Chappell and Sawka, 1984). The present linear 
heat flow - heat production relationship is restricted to the 
Cretaceous Sierra Nevada granitoids and may be a coincidence of time 
and space, before significant differential errosion occurs.
6.9 CONCLUSIONS
Our results demonstrate that in the Tinemaha Granodiorite, HPE 
were enriched upward, primarily in discrete phases by magmatic 
processes. Magmatic processes control the vertical HPE variations 
initially within plutons, and these processes can be expected to vary 
with composition, volume, restite fraction, etc. of the magma. We 
suggest that the sphene dendrites fixed a significant portion of the 
upward uranium increase in the Tinemaha pluton. However, we conclude 
that other plutons within a heat flow province may not have the same 
vertical HPE distribution due to compositional differences. Clearly, 
the processes controlling the initial vertical variation of HPE 
initially in this pluton are not the same as those in metamorphic 
rocks.
We have found no direct geochemical evidence to support an 
overall exponential distribution of radioactivity with depth either in 
or beneath the Tinemaha Granodiorite or in the the Sierra Nevada 
batholith as a whole. Only the Cretaceous Sierra Nevada granitoids 
observe a linear relationship between heat flow and heat production;
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the pre-Cretaceous granitoids are anomalous in this respect. 
Therefore, we find no evidence to indicate that a linear relationship 
between heat flow and heat production is independent of time or will 
survive differential errosion. Higher plutonic heat generations on 
the batholith's east side are due to the granitoids having been 
derived largely from sialic crust source materials whereas lower heat 
generation on the west side are probably due to the granitoids having 
been derived from oceanic crust source materials, rather than to an 
erosional controlled depth gradient. The higher heat flow values on 
the eastern side of the Sierra Nevada batholith are probably due to 
higher radiogenic heat productions in the residual souce regions of 
the granites. These eastern Sierra Nevada granites may become rapidly 
depleted in HPE downward, however the crustal section may be thermally 
balanced by high heat production in the residual source region 
materials deep in the crust.
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7.0 ABSTRACT
The S-type granite suites comprising more than a quarter of the 
extensively developed granites in the Lachlan Fold Belt, Australia, 
contain ubiquitous residual monazite related to the chemical 
weathering of the sedimentary source rocks. We report a process 
whereby chemical weathering fixes mobile rare-earth elements (REE) in 
hydrous phosphate phases of such as florencite and rhabdophane. This 
material contains up to 50wt* LREE and occurs as very small particles 
(~3^m). Dehydration of these hydrous REE phases during anatexis 
directly yields monazite. The low solubility of phosphorous in 
S-type granite melts inhibits dissolution of both monazite and 
apatite. Refractory monazite is thus entrained and transported in 
S-type granites similarly to inherited zircon. Since both Th and the 
light REE are major components in monazite, materials containing this 
minute phase may be of widespread geochemical significance in both 
granites and metamorphic rocks.
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The S-type granite suites of the Lachlan Fold Belt, Australia, 
are considered to have been derived from a largely sedimentary source 
material (Chappell and White, 1974). Compositionally equivalent 
S-type suites of ash flow tuffs also occur within this region (Wyborn 
et a l . , 1981). Many geochemical characteristics of these S-type 
suites are attributed to weathering of the sedimentary source 
materials (White and Chappell, 1983). The production of clays during 
the weathering cycles causes fractionation of both major and trace 
elements. On weathering K and Rb are retained by clays, whereas Na, 
Ca and Sr are lost in solution. Clays incorporate Cr and Ni during 
weathering so these elements are also retained in the sedimentary 
source. This overall weathering process increases Al relative to Na+ 
K+Ca, thus causing source materials to be peraluminous.
The recent experimental demonstration of the low accessory 
mineral solubilities in granite melts (Harrison and Watson, 1984; 
Watson and Harrison, 1983) is particularly relevant to S-type 
granites. Zircon has been known to be a residual phase in S-type 
granites from inherited U-Pb ages (Williams, 1977; Williams et_ a l ., 
1983 ). Yet due to the rapid diffusion rates in the phosphate 
accessory minerals (Harrison and Watson, 1984 and pers. comm. Bob 
Rapp, 1985), inherited ages are not preserved in those minerals. Both 
apatite and monazite are likely to be refractory phases in S-type 
granites and residual source materials. The high concentrations of Th 
and LREE in monazite makes this mineral extremely important
7.1 INTRODUCTION
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geochemically as a residual phase. Monazite could be incorporated 
into S-type source regions initially as heavy mineral sands. Even 
though the process might be reasonable, widespread and regionally 
significant occurrences are doubtful. We find that the widespread 
occurrence of monazite in S-type granites is related to the weathering 
cycle of the source rocks.
Weathering as a cause of widespread monazite in peraluminous 
granites and refractory source regions and also metasedimentary rocks 
is of potential global significance to heat flow (Sawka and Chappell, 
1985; Chappell and Sawka, 1984) and other trace element processes, 
involving REE.
7.2 REE DURING WEATHERING
Scanning electron microscope (SEM) observations of unweathered 
through to strongly weathered granite samples demonstrate that apatite 
is rapidly etched, and chemically transformed by loss of Ca and 
addition of A 1 , Ba, Pb, Fe and REE (Banfield, 1985; Banfield and 
Eggleton, 1984). This process is responsible for REE fixation after 
mobilisation and migration as a result of weathering. This process 
occurs early in weathering, after which these elements remain 
immobile. The net result is to enrich the weathering profile in all 
REE without substantially changing the relative abundances of these 
components. With the exception of Ce which remains immobile as Ce4+ 
under oxidising conditions, the replacement of apatite concentrates 
most REE to a similar extent. The lack of overall fractionation is
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interpreted to indicate that elements were introduced from elsewhere 
in the weathering profile, and are not from an external or foreign 
source.
The weathered samples contain a number of phases which have 
formed in pits after apatite, and as rinds on relict apatite crystals. 
These phases have developed a range of distinctive morphologies, 
including 'donut'-shaped objects (about 3y«m in diameter), ropes and 
chains of donuts, platelets, and a variety of crystallites (Plates7.1A 
and 7.2B). Quantitative wavelength dispersive microprobe analyses 
indicate that at least three quite distinct REE fractionation patterns 
could be identified within this material (Banfield, 1985).
The donuts and alteration rims are composed of poorly crystalline 
material, and larger radiating crystals of florencite, 
[(LREE)Alg(P04 )2(0H)g]. Two varieties of florencite have been 
identified, distinguished by their LREE fractionation patterns. One 
of the chondrite-normalised REE patterns is La-rich, with a strong 
negative Ce anomaly, whereas the other has a gently sloping LREE 
enriched pattern (Figure 7.1A). A commonly encountered form of 
hexagonal crystallites were identified using electron diffraction 
patterns and energy dispersive analyses as Nd-rich rhabdophane, 
[(LREE)P04‘H20 ] , a hydrous form of monazite (Vlasov, 1966). A second 
form of crystals with a prismatic form contain about 50wt% REE and 
have a horizontal chondrite-normalised LREE pattern with a strong 
negative Ce anomaly (Figure 7.IB).
173a
Plate 7.1 A hexagonal pit in biotite containing a central core of 
unaltered <*patite which is rimmed by a florencite weathering product. 
Donut-shaped aggregates of this material adhere to the RHS of the pit 
wal 1.
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Plate 7.2 Crystals of rhabdophane which formed by replacemen: »of a 
euhedral apatite crystal in biotite.
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Figure 7.1A Chondrite normalised REE plots of the compositional type 
ranges of florencite.
Figure 7.IB Chondrite normalised REE plot of the compositional range 
of prismatic crystallites.
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Clearly the range in both morphology and chemistry of phases 
replacing apatite is immense. Complete details of this weathering 
process are presented elsewhere (Banfield, 1985; Banfield and 
Eggleton, 1984). The fixation of REE in phosphate phases is 
apparently not an isolated phenomenon. Such phases are common in 
soils and sandstones throughout the world (Vlasov, 1966; Pettijohn e_t 
a l . , 1973; Burkov and Podlorina, 1967).
The hydrous REE phosphate phases adhere strongly to host phases, 
normally biotite. Thus, upon dispersal by sedimentary processes these 
phosphate phases should be deposited with the host sand grains. The 
other source for phosphates in sedimentary rocks is thought to be 
mainly organic, bone and shell fragments etc. (Pettijohn e_t a l ., 
1973) .
7.3 S-TYPE GRANITES
Phosphorous saturation is low in felsic and intermediate melts 
and suggests a high potential for residual phosphate phases after 
anatexis (Harrison and Watson, 1984). Apatite is now thought to be a 
common refractory phase in both I- and S-type granites (op cit.). The 
S-type granites on average contain sufficient concentrations of P205 
(Figure 7.2), to exceed the saturation limit of the melt. Therefore, 
unmelted phosphate phases may be transported from the source region 
in many S-type granites.
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Figure 7.2 Harker variation diagram for 316 S-type granite samples 
from the Lachlan Fold Belt, Australia (published and unpublished data 
of B. W. Chappell). Dashed line is a least squares fit to all data. 
It should be noted that the P2 ° 5 saturation limit is dependent on melt 
temperature and silica content (Harrison and Watson, 1984). In a 
granite magma crystal mush, actual melt compositions will probably be 
more silica-rich than the whole rock compositions which solidify 
(Chappel1 , 1984).
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We propose that REE phosphate weathering products are 
incorporated into S-type granites to become residual monazite. 
Compositional variations that distinguish between S-type granite 
suites reflect differences in the sedimentary source materials. The 
Bullenbalong and Dalgety suites are well characterised and contrasting 
examples of such source related variations (Chappell, 1984). The 
fractionation displayed by these S-type granites is thought to occur 
largely through the unmixing of refractory source material and melt 
(op. cit.). Therefore, the most mafic S-type granites contain the 
most refractory material, including monazite. It is the mafic S-type 
granites which typically contain the greatest La concentrations as 
shown for the two suites in Figure 7.3. Clearly such La enrichment in 
mafic S-type granites is evidence for the existence of monazite early 
in the magma fractionation.
In I-type granites, monazite is restricted in its occurrence to 
the most felsic varieties (Williams e_t aj_. , 1983) whereas it is 
ubiquitous in S-type granites (Williams, 1977). The absence of 
monazite from mafic I-type granites high in P2°5 may ke due to either 
reaction to apatite in the melt, or source rock effects. Since I-type 
granite source rocks do not go through a weathering cycle it is 
consistent that these rocks do not contain early or residual monazite, 
even though the apatite may be refractory. Monazite that occurs in 
felsic I-type granites is apparently related to a low Ca melt activity 
(Green and Pearson, 1984) and therefore is not an early crystallising 
phase.
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Figure 7.3 Harker variation diagram for La in the Dalgety (solid) 
and Bullenbalong (open) S-type granite suites. The decreasing La 
concentration with fractionation is attributed to restite unmixing of 
monazite. Total iron provides a better differentiation index for 
S-type granites (Chappell, 1984). However, silica is used here for 
simplicity (Data source as in Figure 2).
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The rate-Iimiting-step in apatite dissolution is phosphate 
diffusion away from the dissolving crystal (Harrison and Watson, 
1984). For monazite, dissolution is governed by the slow diffusion of 
both phosphorous and the REE (pers. comm. , Bob Rapp, 1985). Therefore 
both these phosphate phases will be insoluble once the melt is 
saturated with P2O5 .
Rhabdophane dehydrates to monazite at about 400°C (Vlasov, 1966).
Due to slow diffusion rates of P2O5 anc* ^ E  the melt, florencite 
may react to monazite in a similar manner by the exclusion of both A1 
and water.
It would seem that these REE-rich phosphate phases must be 
present before anatexis occurs to produce monazite in this manner. The 
low melt activities of REE compared to Ca during anatexis would 
probably inhibit direct monazite crystallisation, with most melt P2° 5  
going into apatite formation. The lack of inherited ages in phosphate 
phases does not necessarily indicate direct magmatic crystallisation 
but rather re-equilibration with the melt. Diffusion rates for REE3+ 
in apatite are relatively fast compared to the time scale for anatexis 
(Harrison and Watson, 1984). Similar or more rapid diffusion rates 
probably also apply to radiogenic Pb2+ in monazite and apatite due to 
the change in charge balance and/or ionic radius from that of the 
parent isotope.
7.4 DISCUSSION
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In the Koetong S-type granite suite, Price (1983) found that 
schistose, granular biotite-rich and quartzite inclusions all 
contained higher REE concentrations than in the host granite. Monazite 
was cited as a possible explanation for the high REE abudances within 
these inclusions. Certainly it is consistent with our weathering 
model that these sedimentary, and probably restite, inclusions contain 
minute monazite crystals from the chemical weathering cycle.
In the felsic S-type Sweetwater Wash pluton, California, monazite 
was identified as a ubiquitous phase that controls the whole rock 
light REE variations (Miller e_t aJL , 1980; Mittlefehldt, 1983). 
Monazite was argued to be a liquidus phase throughout crystallisation 
of the pluton (op. cit.), but not a residual phase. However, the 
occurrence of monazite in the Sweetwater Wash pluton is precisely what 
would be expected for residual monazite from weathering. The most 
abundant site for monazite in the pluton is in biotite, which is also 
the main site for REE-rich phosphates produced by weathering. 
Monazite is also included in all other phases, suggesting that it may 
have been, as predicted, insoluble in the peraluminous melt. All 
monazite grains are extremely minute in the pluton, as are the hydrous 
forms produced during weathering. The changing REE composition of 
monazite with whole rock fractionation was implied to indicate early 
and continuous crystallisation from the melt (op. cit.). However, the 
minute size of these crystals combined with the rapid REE diffusion 
rates (pers. comm., Bob Rapp, 1985) could certainly cause REE 
variations by re-equilibration in the melt. As noted by Mittlefehldt 
and Miller (1983), the extremely low melt concentrations (activities)
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of REE should tend to inhibit early monazite crystallisation. Both 
residual and magmatic monazite could be present in the Sweetwater Wash 
pluton, however, magmatic monazite should only occur as a late 
crystallising phase, when the melt REE activity begins to approach the 
calcium activity. It is predictable from kinetic considerations that 
unless the melt calcium activity is low, apatite would probably 
crystallise from the melt rather than monazite.
The LREE fractionation trends in the peraluminous South Mountain 
batholith, Nova Scotia (Muecke and Clarke, 1981) are typical of those 
expected with residual monazite. There appears little doubt that 
monazite is an extremely common and frequently overlooked phase 
(Mittlefehldt and Miller, 1983) in peraluminous granites.
The chemical weathering of source rocks appears to provide a 
consistent model for the ubiquitous occurrence of monazite in S-type 
granites. It is beyond the scope of this letter to cite all the 
potential implications of monazite as a widespread residual phase. 
However, partial melting will tend to concentrate phosphorous in 
residual materials (Watson and Capobianco, 1981). Thus, refactory 
monazite may be an important site for deep crustal radioactive heat 
production (Sawka and Chappell, 1985), heavy isotopes and decay 
products of Th and Nd, and REE in any rocks which have undergone a 
chemical weathering cycle.
Certainly much additional research is needed to fully test and 
understand the implications of the process. The submicroscope size of
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the REE phosphate weathering phases will make common identification 
difficult. Yet, if some of the original REE-Th concentrations are 
preserved it may be possible to demonstrate such REE-rich weathering 
products in both granites and high-grade metamorphic rocks. Clearly, 
the stability and partitioning characteristics of monazite will be of 
critical importance in assessing the role of this residual phase in 
crustal evolution.
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An analysis of the U and Th fractionation processes in various 
granites implies a direct dependence on process of magmatic 
differentiation, the magma source materials, and residual accessory 
phases, suggesting that no universal vertical heat producing element 
distribution may be applied to all granite crust. Metaluminous I-type 
granites show evidence for downward decreases in heat producing 
elements within the plutons. The heat producing element content of 
I-type residual source regions is probably similar to that of the most 
mafic I-type granites. The fractionation trends of peraluminous S-type 
granite indicate that no significant change in heat producing elements 
should occur with depth in the plutons. Geochemical evidence indicates 
that residual source regions of S-type granites will contain high 
concentrations of heat producing elements and reside deep in the 
crust. Anomalously high heat flow in southeastern Australia 
corresponds to areas of S-type granites and may be largely due to deep 
crustal radioactivity, rather than Cainozoic mafic magmatism.
Key words: Radioactive heat production, heat flow, granites, partial 
melting, accessory minerals, residual material, geotherms.
8.0 ABSTRACT
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Since the original observation of the linear relationship between 
heat flow and plutonic heat production (Birch et al., 1968), given by 
equation (1), the geochemical mechanism responsible for this 
relationship has remained enigmatic. The fundamental significance of 
the relation expressed in equation (1) has led to a greater knowledge 
of the vertical distribution of heat sources, calculation of 
geothermal depth gradients, and mapping deep crustal or mantle heat 
variations. However, even today, different vertical distributions of 
radioactivity are consistent with the linear heat flow - heat 
production relationship. These are: (1) a uniformly radioactive 
layer of thickness D, given by the slope of the line in equation 1, 
but with D varying laterally; (2) an exponentially decreasing 
radioactivity with depth given by equation 2, and (3) a 
discontinuously decreasing radioactivity with depth (Birch et al., 
1968, Lachenbruch, 1968 and Roy et al., 1968).
eqn. 1 q = qr + DA0
eqn. 2 A(z) = A0e_z/^
where: A(z) = Radioactive heat production at depth Z beneath the
surface or depth or erosion at the location;
AQ = Radioactive heat production at the Earth's surface 
(z = 0); qQ = Heat flow measured at the Earth's 
surface;
S .1 INTRODUCTION
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qr = Reduced heat flow defined by eqn. 1 where D is the 
depth of characteristic upper crustal radioactivity.
Thus far all distribution models have assumed that at no point 
does radioactivity increase with depth, which we find may not be 
correct in some cases. The radioactivity distribution models imply 
different origins for the reduced heat flow (qr ) with the exponential 
distribution implying a mantle source while the uniform distribution 
is less specific implying only the heat flow at the base of the layer 
D in thickness. Neither of the radioactive distribution models, 
discussed above, has been independently substantiated, mainly due to 
the magnitude of predicted radioactive decreases (10%/km) being 
roughly equal to the accuracy (+. 10%) of the heat flow-heat production 
data (Lachenbruch and Bunker, 1971). The exponential distribution 
model has become highly favoured (Oxburgh, 1980) since equation 1 can 
then survive differential erosion. However, there is no independent 
evidence to indicate that equation 1 does always survive differential 
erosion.
8.2 Radioactivity with depth in continental crust
Thus far few regions have yielded results which indicate a strong 
downward decrease of radioactivity in the crust (Hart e_t aj_. , 1981; 
Hawkesworth, 1974; Lachenbruch and Bunker, 1971); however these 
studies were unable to determine whether the decrease is linear or 
exponential, nor the mechanism responsible for that distribution. Many 
other regions exist where radioactivity does not decrease with depth,
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yet corresponds to the linear heat flow - heat generation 
relationships (Wollenberg and Smith, 1968; Rogers jet. a_l. , 1965; 
Tilling and Gottfried, 1969; Ashwal jet a l ., 1984). A common 
fractionation mechanism by which heat producing elements (HPE) are 
enriched upward in granite crust, is a fundamental basis for the 
exponential HPE distribution model (Lachenbruch, 1968). Yet a 
universal vertical HPE fractionation mechanism, independent of the age 
of the granite and its composition or volume, remains highly 
improbable.
Swanberg (1972) has presented apparent evidence for an 
exponential HPE decrease downward in the Idaho Batholith. On closer 
examination of the Idaho Batholith data (op. cit.) we find that 
serious problems exist with this interpretation. First, two-mica 
(S-type?) granites are assigned to deep emplacement depths 
solely on experimental muscovite stability rather than source 
related compositional controls (Hyndman, 1983; White and Chappell,
1983). Biotite and/or hornblende bearing granites are assigned to 
shallower emplacement depths on the basis of the contact aureole, 
which could be fault controlled (see White and Chappell, 1983). 
Based on the assigned emplacement depth, Swanberg (op. cit.) 
compared plutonic heat production variations and implied an overall 
exponential decrease with depth. However, we emphasise that 
these plutons are widely separated in both time and space, so 
the near certainty of source related compositional variations 
cast doubt on the true validity of these depth-heat production 
comparisons.
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The calculation of shallow (lithosphere) geotherms is dependent 
on the radiogenic heat production distribution within the vertical 
section. For an exponential decrease in heat production, downward in 
the crust, the geotherm is twice as large as for a step distribution 
with depth (Morgan, 1984). The larger geotherm for the exponential 
HPE distribution is a product of the rapid loss of radiogenic heat 
production downward. Therefore, additional constraints on the 
vertical distribution of heat production will enable more reliable 
crustal geotherms to be formulated.
Jaupart e_t aj^ . (1981) have presented evidence which indicates 
that the heat production distribution depth (D in equation 1) is 
composed of individual distribution depths for U, Th and K. Based on 
this finding, it was proposed (op. cit.) that the depth scale for each 
element is due to a particular distribution process: potassium, 
primary differentiation of the crust, thorium, magmatic or 
metamorphic fluid circulation and uranium, late stage alteration due 
to meteoric water. Within this general HPE fractionation model (op. 
cit.) we are now able to provide new details of the geochemical 
processes involved in granite anatexis and differentiation. We use 
the observed geochemical fractionation trends of granites together 
with phase relations of accessory minerals to evaluate the potential 
HPE distribution in the Lachlan Fold Belt of south-eastern Australia.
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8.3 The Distribution of Radioactivity in Granites: Magmatic or 
Alteration Processes?
Since the discovery of the linear relationship (eq. 1) the 
process(es) that controls the vertical distribution of radioactivity 
has remained poorly understood. Thus far, accepted generalisations 
concerning the HPE distribution process in granite plutons have 
emphasised secondary alteration (Jaupart et_ aj^ . , 1981; Buntebarth, 
1976; Albarede, 1975). However, such alteration related distribution 
processes require large amounts of leachable uranium (and thorium) in 
the granites. Yet for typical granite (<10 ppm uranium), less than 
20% of the whole rock uranium is in leachable sites (Labhart and 
Rybach, 1974). In addition, granites having undergone such pervasive 
alteration and significant uranium-thorium migrations should exhibit 
evidence of that alteration. In the Sierra Nevada Batholith, 
California, the linear heat flow relationship (eq. 1) is followed 
(Lachenbruch, 1968) yet there is no evidence of pervasive alteration 
(Sawka, 1983; Bateman and Chappell, 1979). Thus, there is little 
evidence for secondary alteration as the major distribution process 
for HPE in typical granites.
Magmatic fractionation was demonstrated as the probable process 
controlling HPE in igneous rocks by Tilling et a_l. (1970). However, 
the discovery that the linear relationship (eq. 1) also held for some 
metamorphic regions (Birch et aj_. , 1968; Richardson and Oxburgh, 1978) 
has been used to invoke HPE distribution processes of more 'universal' 
application (i.e. alteration). Such metamorphic heat flow regions
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should not, however, be used to rule out magmatic HPE distribution 
processes in igneous rocks, since metamorphic rocks near plutons do 
not always abide by the linear relationship of equation 1 (Lachenbruch 
and Bunker, 1971) .
It is becoming increasingly certain that magmatic fractionation 
processes control the distributions of U, Th and rare-earth elements 
in granites by concentration in accessory minerals (Sawka, 1983; 
Gromet and Silver, 1983; Noyles et aJL , 1983; Fourcade and Allegre,
1981). In a detailed study of a batholith, Ragland et_ al^ . (1967) 
conclude that secondary processes (autometasomatism) controlled the 
distribution of uranium and thorium. However, this conclusion was 
based on an old misconception that allanite and sphene were 
hydrothermal in origin, not magmatic, as is now firmly established 
(Sawka et^  a K  , 1984; Hildreth, 1979). Thus, the work of Ragland et_ 
a l . (1967) can be clearly re-interpreted to support magmatic 
fractionation of uranium and thorium.
Uranium leaching experiments (Labhart and Rybach, 1974) also 
imply that most, (>90%), uranium in average granites (<10 ppm uranium) 
is contained in fixed mineral sites (i.e. accessory minerals). 
Fisson-track autoradiography also indicates that accessory minerals 
are the dominant site for uranium in unweathered granites (Tieh and 
Ledger, 1981). We therefore conclude that there is substantially more 
evidence to support magmatic mechanisms of distribution of HPE in 
average granites, rather than alteration.
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Compositional variations in granitic rocks result from two major 
causes: (1) variation in source materials and (2) magma 
differentiation. In southeastern Australia the most fundamental 
distinction of granite composition are between igneous source 
materials (I-type) and sedimentary source material (S-type) (White and 
Chappell, 1983). Independent of these source related compositional 
granite types are magma differentiation processes. Among the most 
important differentiation processes are restite unmixing and 
fractional crystallisation (White and Chappell, 1977). Either of 
these processes may dominate in a particular pluton, the former more 
commonly in the Lachlan Fold Belt, or they may operate together. 
Restite unmixing may occur with either a minimum or non-minimum 
temperature melt.
8.4 Accessory Mineral Geochemistry
The fractionation behaviour of U and Th in many granites has been 
shown to be controlled by accessory minerals (sphene, zircon, 
monazite, apatite, thorite, allanite) precipitated from the magma 
(Pagel, 1984, Fowler, 1981, Brown et al., 1981). In a detailed 
examination of a granodiorite pluton (Sawka and Chappell, 1984; 
Sawka, 1983), HPE were found to be enriched upward, primarily in 
discrete phases by almost entirely magmatic processes, not by 
alteration. It was apparent that since magmatic processes control the 
vertical HPE variation within the pluton, that this variation will 
vary with magma composition and crystallisation history.
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A magma's volatile content (fluorine in particular) can greatly 
alter the magmatic fractionation of U and Th by forming stable melt 
complexes which may migrate upwards (Mahood and Hildreth, 1983). 
However, some magmas thought to be relatively fluorine-rich, show no 
evidence of vertical compositional zoning (Collins et_ al^ , 1982). At 
present, U and Th migration by volatile complexing is apparently only 
a significant fractionation process in very high silica magma systems 
(Hildreth, 1981).
Watson and Harrison (1983) have recently shown that zirconium has 
lower solubilities in peraluminous granite melt compositions relative 
to those of metaluminous composition. By structural analogy to 
zircon, thorite (Mumpton and Roy, 1961) may also have low saturation 
in peraluminous granite melts. These low melt solubilities for the 
chemical componments of the zircon-thorite group imply that these 
phases will be stable and remain in residual source materials, often 
deep in the crust, even after granite forming partial melting occurs. 
Inherited zircon ages are well known in both I- and S-type granites in 
Australia (Williams et a l . , 1983; Williams, 1977). Williams e_t al . 
(1983) were unable to completely rule out wall rock assimilation as a 
zircon source, but found that inherited zircon ages were consistent
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with model Sr/°°Sr source rock ages for the I-type granites. They 
are also in reasonable agreement with the Nd model ages of McCulloch 
and Chappell (1982). Since other I-type granites do not contain 
evidence of inherited zircon, two processes are implied: (1) I-type 
granites exhibiting restite-minimum melt un-mixing trends will 
potentially contain significant concentration of zircon-thorite group
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minerals in residual source materials, and (2 ) I-type granites that 
show evidence for fractional crystallisation and/or unmixing of a non­
minimum melt will only contain potentially small (insignificant?) 
concentrations of zircon-thorite group minerals, if any, in residual 
source materials. In contrast for S-type granites zircon-thorite 
group minerals will nearly always be residual and contained in deep 
crustal residual source materials after granite genesis.
Phosphorus saturation in felsic and intermediate melts indicates 
a high potential for refractory phosphate minerals remaining in 
residual source materials after granite genesis (Watson and Harrison,
1984). For compositions above about 60 wt.% SiOg, melt saturation 
occurs at 0.14 wt.% P2 ° 5 largely independent of other compositional 
factors (op. cit.). Even for a source region containing only 0.05 
wt.% P2O5 , residual phosphorus minerals will remain in the source 
region to about 30% partial melting. Any granite source region 
containing more than 0.14 wt.% P205 will always contain residual 
phosphate minerals after granite genesis (op. cit.). Higher degrees 
of partial melt removal leaves residual materials which are 
progressively enriched in phosphorus relative to the starting 
composition. Therefore, both apatite and/or monazite are
concentrated, (relative to the initial composition) in residual source 
regions by granite anatexis. This conclusion was previously reached 
by Watson and Green (1981) for apatite alone. Neither apatite or 
monazite yield inherited U-Pb, Th-Pb ages (Williams, 1977; Williams e_t
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a l . , 1983). The lack of inherited ages in these phases does not 
necessarily indicate direct magmatic precipitation, but rather re­
equilibration with the melt.
In I-type granites, monazite is restricted in its occurrence to 
the most felsic varieties (Williams ejt aJL , 1983; unpublished data of 
the authors) whereas it is common in most S-type granites (Williams, 
1977). The direct magmatic precipitation of monazite rather than 
apatite is thought to be controlled by REE melt saturation (Miller and 
Mittlefehldt, 1982) and low Ca melt activity. The absence of monazite 
from mafic I-type granites, high in P2°5’ may due either
reaction to apatite in the melt, or to source rock related effects. If 
residual monazite is present in I-type granites and reacts early with 
the melt to form apatite, due to low melt activities for REE relative 
to Ca and OH, F, Cl, then it is surprising that this process has not 
occurred in some S-type granites as well. The ubiquitous monazite 
occurrence in S-type granites is therefore most likely to be source 
related.
Monazite could be incorporated into S-type source regions 
initially as detrital grains but it is doubtful if such a process 
would operate in a widespread way. We suggest that the common 
occurrence of monazite in S-type granites is related to the prior 
chemical weathering of the sedimentary source rocks. During chemical 
weathering, REE and Th are fixed by the formation of florencite, 
CeAl 3 (PO^) 2 (OH ) g and rhabdophane, CePO^HgO (Vlasov, 1966; Banfield 
and Eggleton, 1984); rhabdophane is essentially a hydrous monazite
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(Figure 8.1). Rhabdophane and florencite produced by chemical 
weathering forms extremely minute grains, <5 m (Banfield and Eggleton, 
op. cit.) so should be widely dispersed by sedimentation. Thus, 
simple dehydration of rhabdophane during and/or before partial melting 
will yield early monazite in all S-type granites. Since most I-type 
granite source rocks do not go through a chemical weathering cycle, 
rhabdophane is absent during anatexis, so no early monazite is 
formed.
Partial melting relationships for hydrous mafic compositions 
(i.e. I-type source materials) indicate that sphene may persist as a 
refractory phase with up to 60% partial melting (Heilman and Green, 
1979). There is also certainly ample evidence to indicate early 
crystallisation of sphene in felsic igneous rocks (Sawka et_ a_K , 1984; 
Gromet and Silver, 1982; Ewart, 1979). Sphene is normally destroyed 
during the sedimentary cycle, and is therefore probably absent from S- 
type source regions.
Allanite exhibits a wide potential P, T stability field and can 
be stable at up to 1050°C and 30 kbar (pers. comm. T. H. Green, 1984; 
Green and Pearson, 1984). Allanite formation in some cases appears 
to be controlled by saturation of LREE in some felsic granites (Miller 
and Mittlefehldt, 1982). Zen and Hammarstron (1982) have found that 
epidote (mineralogically similar to allanite) can be a liquidous phase 
and/or residual in calcalkaline granite intrusives. However, as yet 
there are not enough data to clearly define the refractory potential 
of allanite in granite source regions. It is clear though, that
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Figure 8 . 1  Dehydration curve for rhabdophane, redrawn from Vlasov 
(1966).
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allanite is a magmatic liquidous phase and saturated early in felsic 
igneous rocks (Sawka jet. a_l. , 1984; Hildreth, 1979). Table 8.1 
summarises the potential uranium- and thorium-rich refractory minerals 
in I- and S-type granite residual source materials.
8 .5 Radioactivity during Partial Melting
For uranium, source rock partial melting relations may be 
inferred by the changing uranium distribution during progressive 
metamorphism. Dostal and Capedri (1978) have demonstrated that 
uranium is essentially uneffected by metamorphism below the granulite 
facies grade. In metamorphic rocks below granulite facies grade, 
uranium resides largely in non-mineral sites along cleavages and 
fractures (op. cit.). In granulite facies rocks almost all uranium is 
located in accessory minerals mainly sphene, zircon, apatite and 
rutile. Between upper amphibolite and granulite metamorphism, 
approximately 65?» of the original uranium is mobilised and lost 
presumably to migrating fluids (op. cit.). However, the remaining 
uranium is now fixed in the highly refractory accessory phases and 
should thus remain relatively immobile during further metamorphism and 
even partial melting.
Potassium is also mobilised by granulite facies metamorphism (op. 
cit.) but to a lesser degree than uranium. Upon partial melting, 
potassium would be largely concentrated into the melt, yet some may 
still persist in biotite in the residual material. Thorium has been
TABLE 8.1
Minera 1
Granite Occurrence Ref ractory 
source
in residual 
region
Predicted 
ref ractory
Average compositions
Remarks
I-type S-type I-type S-type Th/U Th U
Allanite Yes No Possible? No Very high 3400 ppm 
to
5900 ppm
10 ppm 
to 
200 ppm
Allanite may be strongly zon 
with Th enriched rims
A p a t 1 te Yes Yes Yes ,
norma 1ly
Yes ,
normally
Low -10 ppm 
to 
120 ppm
-10 ppm 
to 
50 ppm
Monaz i te Yes Yes No, may 
be rare 
exceptions
Yes ,
normally
Very high 1 .3% 
to 
6.0%
1000 ppm 
to
6000 ppm
Monazite in I-type granites 
typically restricted to the 
most felsic compositions.
* wt.% oxide
Sphene Yes No Of ten No High 400 ppm
to
1000 ppm
38 ppm 
to 
500 ppm
Magmatic sphene is usually 
strongly zoned with U enrich 
rims. Rare late magmatic 
sphene may contain up to 2% 
u r a n i u m .
Thor i te 
Group
Yes Yes Probably Probably Very high 39.5%*
to
51.2%
2.7%
to
15.0%
Includes the phases cofflnit 
and huttonite. Thorites 
exhibit a highly variable Th 
even within single samples. 
*wt.% oxide
Z i rcon Yes Yes Often Always Low 200 ppm 
to
7000 ppm
300 ppm 
to
5500 ppm
Zircon may be zoned by elthe 
magmatic or hydrothermal 
processes in Th and U.
Rut i le Yes No Possible No High -50 ppm 
to
1000 ppm
5 ppm 
to 
10 ppm
High pressure >14kb residual 
materials 19
3
a
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shown to be retained by residual materials, according to composition, 
after partial melting (Tindle and Pearce, 1983).
Thus the potential for high HPE concentrations in residual source 
materials after genesis granites may be much greater than has 
previously been suspected.
8 . 6  U, Th and K in I- and S-Type Granites
The geochemistry of the Lachlan Fold Belt granites is among the 
best known in the world (White and Chappell, 1983). Figure 8.2 
illustrates the differences in HPE fractionation in I and S-type 
granites in the Lachlan Fold Belt. The mafic metaluminous I-type 
granites exhibit a consistent HPE enrichment with progressively higher 
silica contents. The I-type granite HPE enrichments are probably due 
to the higher accessory mineral solubilities in the metaluminous melt 
compositions. Since granites should tend to become more mafic with 
depth, the observed more mafic compositions will be representative of 
the chemical changes occurring at greater depths, at least in a 
relative way. Thus the geochemical fractionation trends in Lachlan 
I-type granites appears to support a general decrease in heat 
production with depth. However, it should be noted that even the most 
mafic I-type granites still contain significant concentrations of 
uranium (l-2ppm) thorium (4-6ppm) and potassium (1.5-2.0%). Therefore 
the residual source regions of the I-type granites will not be 
completely devoid of uranium and thorium, but rather contain
194a
E
CL
CL
13
Ea
CL
6 0  6 5  7 0  7 5
‘/. S i 0 2
6 0  6 5  7 0  7 5
y. s 102
3 0
S - T Y P E  
I  G R A N I T E S
e 20 
CL 
CL
10 -
I - T Y P E
G R A N I T E S
+ + + t
. iß*'
¿PV* \
6 0  6 5  7 0
X S i 02
7 5
6 0  6 5  7 0
V. S 1 02
7 5
Figure 8.2 Harker variation diagrams for heat producing elements and 
La in southeastern Australia granite types as indicated. 491 I-type 
granites and 316 S-type granite analyses are plotted in the diagrams. 
Data sources: Griffin t?_t a_K , 1978, Hine e_t aj_. , 1978, Beams, 1980 and 
unpublished data of B. W. Chappell.
S - T Y P E
G R A N I T E S
I - T Y P E
G R A N I T E S
S - T Y P E  
6 0  I- G R A N I T E S
I - T Y P E  
6 0  f- G R A N I T E S
o 
_i
E 4 0
Q .
CL
20
195
comparable concentrations of these elements to those of the most mafic 
granites.
In contrast, to the I-type HPE fractionation trends, S-type 
granites maintain a nearly constant Th concentration over the entire 
range of compositions, figure 8.2B. It is also notable that the S- 
type granites are consistently higher in potassium content than 
I-type granite at a given silica concentration. Although the trend 
for all Lachlan S-type granites is for slightly decreasing 
uranium with decreasing silica, figure 8. 2, many individual S-type 
suites exhibit little variation in uranium content, figure 8.3. 
It is evident that thorium and often uranium rich accessory phases 
are both saturated early and residual in the source of S-type granite 
magmas. The higher La concentrations in progressively more mafic S- 
type granites, again suggest monazite as the early (residual) 
phase which will probably control the Th variation, figure 8.2. It 
is likely that it is the low accessory mineral solubilities in 
felsic peraluminous melts that commonly inhibit substantial 
uranium and thorium enrichment during S-type granite fractionation. 
It seems unlikely that any significant uranium and thorium depletions 
should occur with depth in these S-type granite plutons, but 
rather will remain essentially constant with depth. The S-type 
granite fractionation trends further suggest that the residual 
source materials will contain significant uranium and thorium 
concentrations, deep in the crust.
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Figure 8.3 Harker variation diagram for uranium in two S-type 
granite suites from southeastern Australia. Data from B. W. Chappell, 
unpublished.
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8.7 Upward HPE enrichment in I-type Granite Plutons
Radioactive heat production variations in I-type granite imply an 
overall decrease with depth in the plutons (i.e. excluding the 
residual source materials). Jaupart et_ aJL (1981) have defined 
different depth scales for the distribution of each HPE where : 
DK>DTh>DU ‘ We fincl these relative distribution scales compatable with 
closed system magmatic differentiation of those I-type granites that 
are the products of 'conventional' fractional crystallisation in the 
absence of significant quantities of restite. This is largely due to 
the accessory minerals being direct precipitates of the melt and not 
restite.
The large depth scale for potassium is due to early biotite 
stability and so some potassium is fixed early by biotite accumulation 
deep in the pluton. Thorium dissolved in the melt will be 
fractionated upward as an incompatible element until accessory 
minerals such as sphene, allanite and zircon become significant 
liquidus phases. The accessory minerals which concentrate thorium 
from the melt do not affect uranium to the same extent since uranium 
will be present in several oxidation states (Calas, 1979). Therefore 
uranium (IV) will be fractionated with thorium, while the higher 
uranium oxidation state may continue to migrate upward in the melt 
and/or fluid phase.
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8.8 Imp_l Ications to Heat Flow in Southeastern Australia
A major petrologic and tectonic feature of southeastern Australia 
is the I-S line, which is the easternmost limit of S-type granites 
derived from deep in the crust and which separates dominantly S-type 
granites to the west from exclusively I-type granites to the east 
(White et_ al_. , 1976; White and Chappell, 1983). The I-S line is 
considered to represent the eastern limit of thick Proterozoic 
sedimentary crust in southeastern Australia. We have examined I-type 
granites from east and west of the I-S line and find no significant 
differences in the HPE fractionation trends.
Southeastern Australia is characterised by high heat flow and a 
relationship with heat generation that is difficult to explain, figure
B.^Sass and Lachenbruch, 1979), due to the inferred very low reduced 
heat flow (qr = 7.9mWm~2 ) and large D value 31.3km). It is not 
surprising that there is a general correlation between high heat flow 
and our predicted HPE depth distribution in S-type granites. The 
three heat flow stations east of the I-S line have lower heat flows 
and linearly correspond with heat generations. These data are in 
relatively close agreement with both the Central Australian Shield and 
the Eastern United States, figure 8.4 (Sass and Lachenbruch, 1979), 
support a HPE depth decrease in these I-type plutons and thus the 
crust in the area. These regions all have reduced heat flows of 
~30mWm-2, apparently from mantle thermal input. In direct contrast, 
heat flow stations west of the I-S line have anomalously high heat 
flows and yet still generally correspond linearly to granite heat
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Figure 8.4 Heat flow plotted against plutonic heat generation for 
southeastern Australia. Solid symbols are for heat flow stations east 
of the I-S line. Open symbols are for heat flow stations west of the 
I-S line. Data are from Sass and Lachenbruch, 1979.
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generation. Taken alone the heat flow stations west of the I-S line 
define a reduced heat flow (qr) of less than zero. The interpretation 
of such anomalous reduced heat flow remains speculative. Based on 
geochemistry, we would suggest that these high heat flow values west 
of the I-S line are consistent with a relatively uniform distribution 
of radioactivity with depth in these plutons, and deep crustal S-type 
residual source materials with higher heat productions than the 
granites. Therefore, variations in heat flow west of the I-S line 
may arise largely from erosional differences between the heat flow 
stations and/or deep source region residuals containing uranium and 
thorium rich accessory phases.
Sass and Lachenbruch (1979) present evidence to support Cainozoic 
magmatisin as the main cause of the high heat flow in southeastern 
Australia, but they also cite an anomalous lower crustal radioactivity 
as another distinct possibility. Clearly, both Cainozoic magmatism and 
the homogeneous vertical radioactivity distribution in these granites 
may contribute to high heat flow in southeastern Australia. Yet, it 
would be truly remarkable if both Cainozoic magmatism and deep crustal 
radioactivity could combine to yield the near linear relationship 
between heat flow and heat production for stations on both sides of 
the I-S line. Until the recent experimental demonstration of the 
refractory nature of most accessory minerals it appeared implausible 
that high radioactive heat production could occur deep in the crust. 
Now, however, it appears much more reasonable to attribute the high 
heat flow in southeastern Australia to deep crustal radioactivity from 
granite anatexis rather than Cainozoic magmatism. Therefore the large
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D value determined by Sass and Lachenbruch (1979) of 31.3km may 
reflect a thick section of crust having relatively uniform (average) 
heat production with depth, west of the I-S line, which is consistent 
with the seismic data (Finlayson et. a A ., 1979) for thick crust in this 
area. However, it must be recognised that it is incorrect to 
calculate a D value which combines rocks from both sides of the I-S 
line. Clearly, granites west of the I-S line define a D value in 
excess of 31.3km. Yet, the meaning of such large D values can only be 
inferred to indicate thick crust or thermal anomalies. Southeastern 
Audstralia may be divided into two heat flow provinces defined by the 
I-S line. The eastern heat flow province is dominated by I-type 
granite magmatism within relatively thin crust (~10-30km). 
Radioactivity within this eastern province has been redistributed and 
concentrated upward by the I-type granite magmatism. This 
redistribution process has yielded a linear heat flow - heat 
production relationship similar to other continental areas with a 
reduced heat flow ( q r ) of ~30mWm 2 and D of 11km. East of the I-S 
line, relatively thick crust (~30km) has produced significant S-type 
granite magmatism. This S-type granite magmatism has not
significantly altered the uniform vertical distribution of 
radioactivity within this crust. The eastern heat flow province is 
characterised by a large D value (>31km) and negative reduced heat 
flow (qr)- The interpretation of the inferred negative qr is 
uncertain, it could indicate that the deep (mantle?) thermal input is 
small compared to the crustal radioactive component or, be an artifact 
of this province if the linear heat flow - heat production 
relationship is not truly valid here.
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In the Sierra Nevada batholith, U.S.A., it now appears that 
source related compositional variations in two distinct I-type magma 
series can be related directly to heat flow variations (Chappell and 
Sawka, 1984; Sawka and Chappell, 1984). Several other regions have 
been interpreted to have rather complex distributions of radioactivity 
that do not require exponential distribution models. Among these 
regions are the Appalachians of the USA, where a uniform radioactivity 
distribution is thought to occur with depth (Constain and Glover, 
1979).
It is beyond the scope of this paper to infer new geotherms for 
the Lachlan Fold Belt, except in a general form, at this time. It is, 
however, apparent that for areas west of the I-S line it is most 
appropriate to use a uniform heat production distribution to some 
depth, for calculation of geotherms. Such a uniform distribution of 
heat production would decrease geotherms calculated from an 
exponential distribution by up to one half. It is possible that new 
geotherms for regions of uniform heat production with depth, may aid 
in correlating magnetics with calculated Curie point depths in the 
crust (Conley, 1984) among other applications.
8 .9 CONCLUSIONS
In summary, I-type granite geochemistry in southeastern Australia 
implies a general decrease in radioactive heat production should occur 
with depth in these plutons. However, residual source regions of 
these I-type granites can be inferred to contain radioactive heat
2 0 1
productions similar to those of the most mafic granites. There is no 
geochemical evidence to support substantial uranium and thorium 
decreases with depth in S-type granites. Most importantly, S- type 
granite residual source regions will contain radioactive heat 
productions higher than the granite. We conclude that there is no 
evidence to support an exponential decrease in radioactive heat 
production with depth in S-type granites. Therefore we suggest that 
the high heat flows associated with areas of S-type granites in 
southeastern Australia is due to deep crustal radioactivity, not 
Cainozoic magmatism.
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CHAPTER 9
IMPLICATIONS AND CONCLUSIONS
203
9.1 THE ORIGIN OF COMPOSITIONALLY ZONED PLUTONS
In the past few years a laboratory based fluid-dynamical model of 
magma chamber differentiation has been developed by several workers 
(Turner, 1980; Chen and Turner, 1980; McBirney, 1980). In these 
general models, crystallisation of dense phases along the cooler magma 
chamber sidewalls decreases the density of the liquid in the immediate 
vicinity. This lighter liquid then rises upward buoyantly along the 
sidewall as a boundary layer. However, some mixing with the denser 
bulk liquid occurs during the upward flow, thereby slowly reducing the 
overall density of the bulk system. This in turn causes progressively 
lighter fluids to be produced and move upward along the sidewall 
toward the roof. As these light liquids pool beneath the magma 
chamber roof, density stratification occurs and the lightest liquids 
are emplaced above the earlier denser liquids. In the laboratory 
experiments, further density stratification occurs within the magma 
chamber top, as 'double-diffusive' layers are formed (Turner, 1980). 
The major driving force of this overall process is the density 
decrease of the liquid due to sidewall crystallisation which is 
greater than the density increase due to the decreased temperature. 
Sparks et_ aj^ . (1984) term this process of magma differentiation as 
'convective fractionation'.
For the three plutons examined in detail in this thesis (Chapters 
2, 3, 5) the sidewall differentiation process, described above, 
applies remarkably well. However, in the granite plutons there 
appears to be some important differences with the laboratory models.
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9.1.1 Case 1 - The Tinemaha Pluton
The zoning model developed for this pluton (Chapter 3) 
corresponds closely with that of the laboratory models. Sidewall 
crystallisation-convective fractionation produced vertical zoning in 
the central part of the pluton which is more felsic (less dense) 
upward. This differentiation process resulted in a continuous 
variation in rock compositions between 59% and 67% Si02 - A minor 
variation to the zoning morphology occurs with the emplacement of co- 
magmatic leucogranites, the most felsic rock type. These low density 
leucogranites (late stage?) apparently do not always reach the 
pluton's top. This is known from the many leucogranites that form 
horizontal dykes and sills at different levels within the vertically 
zoned portion of the pluton (see Plate 3.3). This is probably due to 
leucogranite emplacement after the magma had become essentially solid. 
Therefore, these leucogranites were emplaced according to structural 
controls of foliation and fracture rather than fluid density controls.
There is no evidence to suggest that any volcanism accompanied 
the development of this pluton.
9.1.2 Case 2 - The McMurry Meadows Pluton
The development of the compositional zoning in this pluton also 
involves a convective fractionation process. However, in this case, 
the fractionation process was much more efficient and produced a 
bimodal pluton from a single magma. The actual existence of vertical
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zoning is not known in the pluton. However, it may be inferred that 
as differentiation proceeded some very felsic (volatile-rich?) magma 
was trapped below the nearly solidified top of the magma chamber. This 
trapped felsic magma then broke through the upper part of the magma 
chamber probably as gash fractures and formed schlieren breccias and a 
flow-sorted central intrusion (Plates 3.1 and 3.4).
There is no evidence to indicate whether the main portion of the 
pluton developed along with accompanying volcanism. However, the flow 
sorted leucogranite intrusion (-71% Si02 ) at the centre of the pluton
O
is suggestive of magma movement in a sufficiently large volume (~2km ) 
to expect an accompanying volcanic event.
9.1.3 Case 3 - The Bald Rock Pluton
The zoning model developed for the Bald Rock pluton again 
involves a convective fractionation process. The Bald Rock magma 
chamber evolved by trapping felsic magma at depth, similar to the 
McMurry Meadows pluton, but in much greater volume. Efficient 
convective fractionation produced a bimodal magma system from a single 
magma. The actual vertical zoning in the pluton is unknown, but can 
be inferred as follows.
Apparently as the first felsic boundary layer magmas each arrived 
at the magma chamber top, nearly complete solidification occurred. 
Therefore, as differentiation proceeded, the more silica-rich and 
lighter magmas were progressively added downward. This caused
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isostatic disequilibrium and/or trapped volátiles to trigger a central 
vent upwelling (eruption?). If this upwelling does represent an 
eruptive event, the indications are that it would have been a
relatively brief and explosive period of silicic volcanism {>72% SÍO2 ) 
with a moderate volume (+10km3 ).
The composition silica gaps in both the Bald Rock and McMurry 
Meadows plutons are also commonly found in many types of eruptive 
systems (Hildreth, 1981). Therefore, such compositional gaps in 
plutonic rocks do not necessarily indicate multiple intrusion and may 
represent solidified magma chambers from previous bimodal volcanism.
9.1.4 Magma zoning analogies to mineralised systems
It is not within the scope of this work to indicate cirteria for 
assessing the mineralisation potential of various granite types. It 
is, however, useful to point out where and how extreme differentiation 
of magma occurs in magma chambers which could aid in such 
mineralisation assessments.
In case 1, the Tinemaha pluton, the most felsic of the rock 
types, leucogranites containing about 70% SÍO2 ' occur as subhorizontal 
dykes and sills (Plate 3.3). An analogy of this leucogranite 
emplacement morphology and some tin greisen systems can be made; in 
particular, the form of the subhorizontal greisens systems at 
Chinovec, Czechoslovakia and Anchor, Australia (Taylor, 1979) are 
comparable to the Tinemaha pluton leucogranites. The implication is
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that such horizontal features form within continuously zoned (i.e. no 
Si02 gaps) magmas near the roof, whereas the bimodal plutons (Cases 1
and 3 above) would tend to produce either breccia pipe or stock work
type leucogranites or possibly mineralisation systems.
Certainly it remains to be demonstrated that magma zoning 
processes such as these can produce economic mineralisation. However, 
there may be a connection between processes that produce horizontal 
greisen sheets within granites and the magma zoning mechanisms 
suggested here (pers. comm., R. G. Taylor, 1984).
The situation where the bi-modal plutons produce stock work or 
breccia mineralisation by trapping both volatiles and lighter magma 
at depth is precisely the dynamic process stressed by Burnham (1979B). 
However, in the case of the Sierra Nevada granitoids the many other 
factors necessary for mineralisation were not present.
9.2 U, Th AND REE VARIATIONS IN SELECTED MINERALS AND WHOLE ROCK 
COMPOSITIONS
The examination of some 44 mineral separates by INAA has 
indicated the overall importance of sphene as a major site for REE in 
the granites examined. Even though all the accessory minerals 
examined varied compositionally, sphene exhibited the largest and most 
important variations. Sphene, along with allanite were found to have 
preserved compositional zoning core-rim variations that yield useful 
paragenetic information (Chapters 2, 3 and 6). The crystallisation of
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sphene is apparently a major control on the REE content of co-existing 
hornblende (Chapter 4). The paragenetic relationship of sphene and 
hornblende REE equilibrium is potentially a necessary consideration 
for future REE interpretations of mafic plutonic rocks (appinites, 
hornblendites. etc.) often associated with granite batholiths.
Something that was particularly evident from the compositional 
variations in the Palisade Crest minerals (Chapter 4) is that these 
variations cannot be simply predicted. In particular, the
compositions of minerals separated from the most mafic and felsic 
samples were the most anomalous. Therefore, it is still not yet 
possible to accurately predict the compositions of accessory minerals 
which probably remain in some residual granite source regions. The 
zoning in sphene and allanite crystals does not always conform to the 
same core-rim compositional trends. These extremely variable mineral 
compositions and zoning characteristics stress the overall importance 
of paragenetic sequence and/or residual phases in the interpretation 
of whole rock trace element data.
Caution must be emphasised in the application of standard 
geochemical models, such as fractional crystallisation, to zoned 
plutons formed by convective fractionation. Even though fractional 
crystallisation models predict similar variations such as curved Rb-Sr 
trends for plutons, these can be misleading. The magma composition 
during convective fractionation does not evolve in the same manner 
generally implied by a fractional crystallisation process. Most 
fractional crystallisation modelling involves a progressive change in
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bulk magma compositon due to crystallisation and removal of phases. In 
convective fractionation the crystallisation and removal of material 
at the sidewall does not directly change the bulk magma composition. 
Rather, the bulk magma changes composition by mixing with the upward 
moving boundary layer flows, which are fractional crystallisation 
products of the sidewall crystallisation zone.
9.3 RADIOACTIVE HEAT PRODUCTION IN GRANITES
The second part of this thesis is devoted to problems concerning 
the radioactive heat production contribution to heat flow in granites. 
Since the late 1960's it has been argued (from geophysics) that 
radioactive heat production in granite should generally decrease 
exponentially with depth (Lachenbruch, 1968, 1970), even though other 
distributions could still occur (op. cit.). The widespread acceptance 
of the exponential heat production model may largely be due to 
analytical convenience rather than actual correspondence of this model 
to granites (J. Sass, pers. comm.). Nevertheless, the great 
prominence of the exponential heat production distribution model now 
appears to be largely unjustified. It is shown in Chapter 6 and 
Appendix 3 that this exponential model does not apply in the Sierra 
Nevada batholith, a region that was originally used to define the 
model!
In the Lachlan Fold Belt the radioactive heat produciton 
fractionation trends were found to be significantly different in I- 
and S-type granites (Chapter 8). These differences can be related to
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anomalously high heat flow in S-type granite regions. This high heat 
flow has previously been ascribed to Tertiary mafic magmatism which 
still remains as another possible contribution to heat flow in the 
region. The source rock weathering mechanism for residual monazite in 
S-type granites and source regions (Chapter 7) could provide a means 
of heating the deep crust over large areas. This heating could 
eventually aid in the infiltration of mafic magmas. Therefore, some 
types of continental crust could evolve through a coupled process of 
radioactive heating and mafic magma infiltration. More importantly, if 
the weathering mechanism for the production of refractory monazite 
does not occur in an oxygen-absent atmosphere, then this could provide 
a geochemical (Th, REE) distinction between the development of 
Precambrian and Phanerozoic continental crust and their subsequently 
generated granite magmas.
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APPENDICES
APPENDIX 1
Additional chemical analyses of the Palisade Crest Suite, 
accompany chapter 3.



TINEMAHA PLUTON McMURRAY MEADOWS PLUTON
Granitoid Mafic Inclusions Granitoid
PAL 5 18 26 27
Sb 0.15 0.08 0.11 10.07
Cs 2.35 1.28 2.50 1.91
La 38.5 26.1 31.3 33.2
Ce 73 51 59 60
Nd 28.9 22.7 27.4 22.2
Sm 5.2 4.1 4.9 3.9
Eu 1.10 1.28 0.88 0.76
Gd 4.0 3.5 4.1 3.1
Tb 0.64 0.56 0.59 0.49
Ho 0.7 0.6 0.6 0.6
Yb 2.0 1.4 1.6 2.2
Lu 0.31 0.22 0.28 0.36
Hf 4.3 --- --- 5.2
Ta 1.36 0.38 0.24 1.11
>
APPENDIX 2
PHOTO PLATES OF ROCK SAMPLES 
SELECTED FOR MINERAL SEPARATIONS*
*
In all plates, except plate A2.1, plagioclase is stained pink 
and K-feldspar is stained yellow.
A2.2
V
Plate A2.1 Mafic inclusion sample PAL 53 from the Tinemaha 
pluton.
Plate A2.2 Augite bearing granodiorite sample PAL 65 from
the Tinemaha pluton.
A2.3
Plate A2.3 Sample PAL 57 (low elevation) from the Tinemaha 
pluton.
Plate A2.4 Sample PAL 56 (high elevation) from the Tinemaha 
pluton.
A2.4
Plate A2.5 Mafic granodiorite sample PAL 30 from the McMurry 
Meadows pluton.
Plate A2.6 Granite sample PAL 22 from the McMurry Meadows
pluton.
A2.5
Plate A2.7 Layered leucogranite sample PAL 7 (coarse layer) 
from the McMurry Meadows pluton.
Plate A2.8 Leucogranite sample PAL 72 from the McMurry
Meadows pluton.
APPENDIX 3
A paper accepted for presentation at the 11 High heat production
•k
granites, hydrothermal circulation, and ore genesis" conference, 
at St. Austell, Cornwall, England.
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GEOTHERMAL IMPLICATIONS FOR THE SIERRA NEVADA 
BATHOLITH FROM VERTICAL AND HORIZONTAL COMPOSITIONAL 
ZONING STUDIES IN CONTRASTING PLUTON TYPES.
Wayne N. Sawka, M S c . PhD 
Bruce W. Chappell. MSc, PhD
Geology Department. Australian National University, Canberra, A.C.T. 
2600, Australia
SYNOPSIS
In the I-type Sierra Nevada batholith. two 
fundamentally different heat producing element 
(HPE) fractionation trends are evident between 
the western (tona1ite-trondhjemite ) plutons and 
the central-eastern (granodiorite-granite ) 
plutons. The western granitoids are 
Intrinsically low in heat production (0.2-1.5 
_ 3
•¿W* °) for the compositional range 57% to 77% 
Si02 . thus showing little evidence for 
significant vertical HPE variation. The 
central-eastern granitoids have inherently 
higher heat production (1.5-5.0 for
compositions between 57% and 77% S102 . thus 
exhibiting some evidence for vertical variation. 
However, for compositions with <60% Si02 . the 
centra 1-eastern granitoids have heat productions
_ o _ n
between 2.0 and 4.0 -Wm compared to <1.0 „Wm 
for the western granitoids. Therefore the 
eastward increase in heat flow across the Sierra 
Nevada batholith is due to changing heat 
production in source materials.
We conclude that there is no geochemical 
evidence to support an exponential vertical HPE 
distribution as the cause of a linear heat flow- 
heat production relationship in this region.
INTRODUCTION
This paper combines the results of more detailed 
geochemical examinations of three Sierra Nevada 
plutons^ . First the HPE distribution within 
a vertically zoned pluton is presented 
incorporating the distinctive REE concentrations 
of the accessory minerals as tracers. The second 
part of the paper contrasts the HPE 
fractionation trends in two plutons from the
eastern and western sides of the Sierra Nevada 
batholith. A re-evaluation of geothermal data 
from the Sierra Nevada batholith indicates that 
no single vertical distribution of HPE may be 
applied to the Sierra Nevada batholith as a 
who 1e .
Until recently, high radioactivity deep in 
the crust in regions that had been subjected to 
partial melting appeared geochemically 
unreasonable. However, experimental evidence 
presented for the U and Th-concentrating
3
accessory minerals indicate that these phases 
will be present in residual source materials 
after granite genesis under many conditions. 
These resuits further imply that thorite, with 
similar chemistry to zircon4 , and monazite 
similar to apatite, may also be refractory after 
partial melting in some cases. Therefore it 
appears unlikely that residual source regions of 
all granites will always have the lowest HPE 
concentration in the crust^.
THE HEAT FL0W-HEAT PRODUCTION RELATIONSHIP 
Since the original observation of the linear 
relationship between heat flow and plutonic heat 
production6 , given by equation 1. the 
geochemical mechanism responsible for this 
relationship has remained enigmatic. The 
fundamental significance of the relation 
expressed in equation (1) has led to a greater 
knowledge of the vertical distribution of heat 
sources, calculation of geothermal depth 
gradients, and mapping deep crustal or mantle 
heat variations. However, even today, different 
vertical distributions of radioactivity are 
consistent with the linear heat flow - heat
A3. 2
production relationship. Those are: (1) a 
uniform radioactive layer of thickness D, given 
by the slope of the line in equation 1, which is 
variable laterally: (2) an exponentially 
decreasing radioactivity with depth given by 
equation 2, and (3) a dis con 11n u o u s 1 y decreasing 
radio-activity with de p t h ® ' ^ 1®.
eqn 1 q = q p + DAQ
eqn 2 A (z ) = A0e "z/D
where A(z) - Radioactive heat production 
at depth Z. beneath the surface;
A q » Radioactive heat production at the Earth's 
surface (z = 0);
qQ « Heat flow measured at the Earth's surface; 
q p = Reduced heat flow defined by eqn. 1 where D 
is the depth of characteristic upper crustal 
radloact ivi t y .
Thus far all distribution models have
assumed that at no point does radioactivity
Increase with depth, which we find may not be
correct in some case s5 . The radioactivity
distribution models imply different origins for
the reduced heat flow (qr ) with the exponential
distribution implying only the heat flow at .the
base of the layer D in thickness. None of the
radioactive distribution models, discussed
above, has been independently substantiated,
mainly due to the radioactive decreases (10\/km)
being roughly equal to the accuracy ( + 10%) of
the heat flow - heat production data^. The
exponential distribution model has become highly
favoured10 since equation 1 can then survive
differential erosion. However, there is no
independent evidence to indicate that equation 1
does always survive differential erosion. Thus
far few regions have yielded results which
Indicate a strong downward decrease of radio- 
11 1 2 Q
activity in the crust ’ * ; however these 
studies were unable to determine neither whether 
the decrease is linear or exponential, or the 
mechanism responsible for that distribution.
Many other regions exist where radioactivity 
does not decrease with depth, yet it corresponds 
to the linear heat flow - heat generation 
relationships13,14,15,1®.
S w a n b e r g ^  has presented apparent evidence
for an exponential HPE decrease downward in the
Idaho Batholith. On closer examination of the
1 7
Idaho Batholith data we find that serious
problems exist with this interpretation.
Based on assigned emplacement depth.
1 7
Swanberg compared plutonic heat production
variations and implied an overall exponential
decrease with depth. However, we emphasise that
these plutons are widely separated in both time
and space, so the near certainty of source
related compositional variations cast doubt on
the true validity of these depth-heat production
com pari son s.
The widespread applicability of the
exponential distribution model may be largely
due to the use of averaging for analytical
convenience in geothermal calculations, rather
than to a detailed geochemical correspondence to
the model (J. Sass, p e r s . comm., 1984). However.
the exponential HPE distribution model has been
used to invoke 'universal' geochemical processes
throughout the crust ranging from gravitational 
1 ft
ionic diffusion to more simple alteration
19 20processes
A common fractionation mechanism by which 
heat producing elements (HPE) are enriched 
upward in granite crust is a fundamental basis
7
for the exponential HPE distribution model 
Yet a universal vertical HPE fractionation 
mechanism, independent of the granites age. 
composition or volume remains highly 
improbable .
VERTICAL ZONING IN THE T1NEMAHA GRANODI OR1TE 
Geology o f_the pluton
The Middle Jurassic Tinemaha Granodiorite is the 
oldest member in the intrusive suite of the
O
Palisade Crest and crops out over 160km along 
the eastern edge of the Sierra Nevada 
batholith21 (Figure 1). The regional setting and
overall characteristics of the Sierra Nevada
2 2
batholith have been summarised by Bateman .
The geochemical make-up of the batholith has
13 23
been documented elsewhere
We have examined the western portion of the 
pluton which is a continuous mass cropping out
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SIERRA NEVADA BATHOLITH CALIFORNIA
Figure 1: Map showing the Sierra Nevada 
batholith and the locations of the Palisade 
Crest suite (P). the Bald Rock pluton (B R ), and 
the 'quartz diorite line' (see text). The 
cities of Sacramento (S), Bishop (B) and Fresno 
(F) are also shown on the map. Note that rocks 
other than granitoids as well as structural 
features have been excluded from the map.
Figure 2: Modal plot of quartz, plagioclase and 
K-feldspar in the Tinemaha pluton.
Plate 1: Birch Mountain (4165m) showing a 
sampling traverse section, to the left of snow 
filled couloir in the centre of the photo. 
Vertical section above the lake is approximately 
900 metres.
along the Sierra Nevada crest between 3024 
metres and 4165 metres elevation. This portion 
of the pluton is well exposed as rugged mountain 
peaks produced during Pleistocene glaciation 
(Plate 1). A detailed geological map of this 
area was produced by Bateman2  ^ and S a w k a *’2 4 .
The preferred orientation of minerals and 
mafic inclusions within the pluton define an 
elongate northwest trending foliation arch. The 
Tinemaha Granodiorlte is compos 11 1o n a 11y zoned 
(Figure 2) with horizontal and vertical sampling 
traverses yielding independently consistent 
modal and chemical variations^4 . The genera) 
features of the pluton's zoning may be 
summarised as follows: horizontally, the 
outermost margin of the pluton is pyroxene 
bearing hornblende -bl ot1te-quartz diorite that 
grades into blotite-hornblende-quartz monzo- 
dlorlte which uniformly occupies the pluton's 
interior at lower elevations. The hori zon ata 11y 
unzoned Interior is vertically zoned and the 
quartz monzodiorite grades upward, over 900
A3.4
metres to granite in which the colour index 
decreases from -23 to 13. The accessory mineral 
assemblage in the rock consists of sphene, 
magnetite, apatite, allanlte, zircon and 
thorite. Details of the accessory mineral
p
petrography are described elsewhere .
Distribution o f U and Th in the m inerals 
Fission track mapping of selected samples was 
used to define the distribution of U and Th in 
the rocks and complete results are given e l s e ­
where2 , 2 4 . Throughout the pluton. fission 
tracks are associated with discrete phases and 
only minor amounts occur along grain boundaries 
in non-structu ra1 sites. These fission track
results are consistent with granitoid leaching
2
data . for rocks with low uranium contents.
Due to its abundance, sphene is by far the 
dominant site for fission tracks. Nevertheless, 
zircon exhibits a higher density of fission 
tracks than sphene, whereas apatite displays a 
very much lower track density.
Throughout the pluton's interior, fission 
tracks are concentrated in primary sphene 
crystals. The larger primary sphenes are zoned 
with higher fission track densities along the 
rims .
Areas typical of the potassic alteration of 
hornblende to biotlte display low track 
densities indicating that this alteration is not 
'responsible for significant vertical enrichment 
in HPE's. Veinlets leading from these areas of
Plate 2: Flsslon-track photomlcrographic pair 
of a dendritic sphene over-growth on euhedral 
sphene c r y s ta 1s .
potassic alteration exhibit low track densities, 
thus indicating that some uranium was being 
carried by the late stage melt-fluid phase. Fine 
grained blotites in the potassic alteration 
veinlets contain some fission tracks, but not 
enough to cause significant enrichment.
Secondary sphene reaction inclusions within 
biotlte also exhibit consistently high fission 
track densities although not as high as the 
primary sphenes. Dendritic sphene overgrowths. 
Plate 2. have very high fission track densities; 
they are even higher than the host primary 
sphene. Allanite exhibits high fission track 
densities with little conspicuous zoning
W h o le rock geochemistry
The concentrations of uranium, thorium and 
potassium are shown in Figure 3 as a function of 
elevation for the central part of the Tinemaha
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Figure 3: Concentration of heat producing 
elements versus elevation in the Tinemaha 
p l u t o n .
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Figure 4: Enrichment diagram for 900 metre 
section of the Tinemaha pluton. The element 
enrichment factor is the concentration at high 
elevation divided by the concentration at low 
e 1eva 1 1 on .
pluton. Uranium and thorium increase markedly 
upward in the pluton, and potassium exhibits 
similar though more erratic behaviour.
The light REE enriched ch ond rit e-n orm a1 ised
patterns of the Tinemaha pluton are similar to
2 3
other eastern Sierra Nevada plutons . Middle 
REE's decrease in abundance upward in the pluton 
by similar amounts (Figure 4). The La and Ce 
abundances decrease much less upward in the 
pluton than do other REE's, with La remaining 
nearly constant. The lesser upward depletions in 
the lightest R K K 's is predictable with sphene 
fractionation due to its strong discrimination 
against these REE 's2® ’2^.
The systematic thorium and potassium 
increase upward in the pluton can be related 
directly to increases in allanite (* thorite?) 
and K feldspar abundances. However. the upward 
increase in whole-rock uranium is not 
accompanied by an increase in any phase likely 
to concentrate this element. Mineral separations 
indicate that heavy non-magnetic accessory 
minerals (S . (i > 3.32) decrease by over 30\ 
(weight) upward m  the pluton. This upward 
decrease in accessory minerals Is reflected by
the middle and heavy REE whole; rock abundances 
which fall by approximately 20%.
A cc e s s o r y _ n H  nera l ^g e o c h e m ^ s t r y
Selected accessory minerals were examined by
INAA for trace element concentrations with
p
complete details given elsewhere . Sphenes from
the highest elevation (4165m) contain higher REE
and lower U (147 ppm) and Th (782 ppm)
concentrations than do sphenes from the lower
elevations, 3292m (U = 169. Th = 993). It is
evident that the upward enrichment of uranium
and thorium is not due to higher concentrations
within primary crystals. The high elevation
sphene mineral separate exibits a well-defined
La anomaly suggesting previous allanite 
27crystallisation Previous allanite
crystallisation is also indicated by the much 
greater depletion of Th than of U in the high 
elevation sphene separate. Zircon from the 
highest elevation sample contains higher U (583 
ppm) and Th (780 ppm) concentrations than that 
from the lower elevation zircon (U = 506, Th = 
686). However, there is no significant change in 
the ratio of Th to U in zircon with increased 
e 1eva t i o n .
Apatite from the high elevation sample 
contains higher REE, U (33 ppm) and Th (125 ppm) 
than the low elevation sample (I) = 26 ppm. Th = 
50 ppm). The Th increase in apatite with 
elevation is disproportionate to that of U and 
apparently reflects the relative whole rock Th-U 
ra t i o s .
Recently we have found light REE zoning in
sphene and allanite to be extremely useful in
determining crystallisation sequences in 
27
granitoids Details provided by microprobe
analyses of these REE-rich minerals are critical 
to assessing the IIPE enrichment mechanism. 
Analyses of thorites from the pluton indicate 
that the main thorium substitution is by uranium 
(Th/U -9). Zoning in primary sphene is 
pronounced, with cores containing higher REE but 
lower U contents than the rims. Thorium is 
apparently slightly lower at primary sphene rims 
relative to the core concentrations. However, 
the thorium concentration of these primary 
sphenes is too low to provide hlnh quality
A3.6
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Figure 5: Chondrite normal ised RF^E plot of sphene morphologies in the 
Tinemaha pluton
microprobe analyses. REE zoning in primary 
sphene throughout the pluton's interior is very 
similar and an average is presented in Figure 5 
as a chondrite normalised diagram.
Sphene reaction inclusions in biotite 
contain slightly higher uranium and lower
thorium concentrations than co-existing ground
2
mass sphene . The low Th/U in these secondary 
sphenes could be due to either the earlier 
crystallisation of a thorium-rich phase(s) or to 
differences in U and Th diffusion rates through 
the biotite structure. The REE content of these 
secondary sphene inclusions is approximately 65% 
less than that of co-existing groundmass sphene. 
Figure 5.
In a microprobe examination, dendritic 
sphene growths were found to contain up to 1.2% 
uranium, with less than 0.03% thorium. Average 
sphene dendrites contain more than 0.2% uranium 
and are extremely variable even within single 
samples. These sphene dendrites are among the
most uranium-rich sphenes yet reported in
2 8
nature . Sphene dendrites have REE c onc en­
trations similar to that of the secondary sphene 
Inc 1 us i o n s .
The progressive change in the chondrite
normalised La/Ce ratio between the different 
sphene occurrences must result, at least in 
part, from a changing La/Ce ratio in the melt. 
The large negative La anomaly in the groundmass 
sphene cores indicates that allanite 
crystallised largely before the groundmass 
sphene. The progressive disappearance of the 
negative La anomaly in groundmass sphene rims, 
secondary sphenes and sphene dendrites, respect 
ively, indicates that allanite did not continue 
to crystallise in significant concentrations 
from the later melt. Therefore, the onset of 
sphene crystallisation resulted in a continuous 
La/Ce melt increase.
Allanites from the upper part of the pluton 
are essentially unzoned, with only one slight
REE and Th depletion and uranium enrichment at
2
the crystal rims relative to the core The 
allanite is somewhat unique because it contains 
a greater concentration of La than Ce The 
extreme allanite La enrichment was apparently 
due to previous sphene crystallisation 
increasing the melt La/Ce. Yet. from the 
decreasing negative La anomaly in the 
co-existing sphene phases, crystallisation of 
these sphenes did not cause high La/Ce in the
A3. 7
■clt until a very late stage. Thus, an early 
phase (sphene or hornblende) was apparently 
completely fractionated from this part of the 
magma before allanite began to crystallise and 
was then followed by the coexisting sphene 
phases that we have analysed. A similar 
situation occurs in the McMurry Meadows 
pluton2 7 .
The vertical decrease in whole rock REE's 
with increasing La/Sm is consistent with simple 
sphene fractionation, but the upward Th/U 
increase is not. Fur t h ermo re, if upward welt 
■igration with sphene fractionation had occurred 
in the vertical section, then previous allanite 
crystallisation would have caused a substantial 
La and Th depletion of this melt. Therefore, 
the upward enrichment/fractionation trends for 
U. Th and REE's cannot be directly attributed to 
upward melt migration within the vertical 
section. In the Palisade Crest plutons, we have 
found chemical and mineralogical zoning trends 
to be consistent with boundary layer 
differentiation processes along the side­
walls2 9 , 3 0 . We have found no evidence to 
support crystal settling within the pluton.
Fractional contribution of m inerals to wh o le 
rock U and Th totals
A rock budget diagram. Figure 6. for sample
23
BP-1 was constructed from the available 
mineral data on the pluton for U and T h .
Details of the rock budget calculation are given 
e 1sewh ere 1 .
The uranium deficiency shown in Figure 6 can 
only be reconciled by the addition of a phase 
with an extremely low Th/U and REE content. The 
dendritic sphene growth is the only phase that 
can reasonably account for this uranium 
deficiency. Uranium is the only HPE for which 
it is possible that vertical enrichment may have 
been facilitated, some, by late stage micro- 
fracturing and upward volatile migration. Any 
volatile release by m 1crofracturing would result 
In quenching, and the skeletal K-feldspar and 
the sphene dendrite textures might have resulted 
from such a process. However, the upward 
increasing whole rock Th/U is not indicative of 
significant upward fluid migration, unless
Ü
■'■'A
Hornblende
S
Apatite
Zircon
u Thorite
Figure 6: Rock Budget diagram for a typical 
Tlnemaha pluton sample. Diagram shows the 
percentage contribution of each mineral to the 
whole rock total U and T h .
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uranium was completely lost from the top part of 
the section.
Implications of the rapid vertical HPE 
f ractlonat ion
The rapid, upward Increase in HPE observed here 
does not unambiguously support either a linear 
or an exponential distribution model (Figure 7); 
however, such a rapid vertical variation can be 
interpreted as the extreme fractionation 
predicted by an exponential distribution model 
for the top of a magma chamber.
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According to I.achenbruch the direct 
calculation of the characteristic depth scale D, 
from vertical heat generation variations in 
plutons. will provide a check on the combined 
heat flow and heat generation results.
The calculated depth scales for the Tinemaha 
Granodiorite are listed in Table 1 along with 
values from other Sierra Nevada studies. 
Calculated values from this study are much lower 
than published regional values from combined 
heat flow and heat production. Values given by 
Jaupart et al.31 for the distribution of 
individual elements (Table 1) vary over two 
orders of magnitude and are suggested to result 
from different distribution mechanisms at 
various times. All depth scales for the 
Tinemaha Granodiorite are in close agreement and 
suggest accordingly that only one distribution 
mechanism or event took place.
combined heat flow and heat generation are 
correct, then this must Imply that regions of 
relatively high heat production may occur 
at depth in the crust.
Mafic material beneath the pluton and heat 
production
This leads us to examine the overall 
fractionation trend of the Tinemaha granodiorite 
and the cognate mafic inclusions. Figure 8 
shows Harker variation diagrams for U and Th for 
the Tinemaha Granodiorite and associated mafic 
inclusions. It is clear that these mafic 
inclusions do not contain only negligible radio­
activity. If such mafic inclusion material is 
representative of the plutons residual source 
region then, such deep crustal radioactivity 
cannot be ignored considering the potential 
volume of this material
Table 1: Characteristic depth scales (kms) for 
heat generation (HG), uranium (U). thorium (Th) 
and potassium (K) for the Sierra Nevada 
batho11th.
2 .2 
10.3 
10.1
D r
2 . 4 
17.9
1 . 7 
0 . 2
3 . 9 
2 1 . 6
Data
Source
2
31
7
Our results imply that plutons within the 
same heat flow province do not observe the same 
exponential law (same D value), but distribute 
HPE vertically according to the physical and 
chemical factors of the magma fractionation. The 
large differences in elemental depth scales from
O 1
combined data . Table 1. may not result from 
different distribution mechanisms operating at 
various times, but may result from combining 
unique distributions within unrelated plutons.
We consider the HPE distribution in the Tinemaha 
pluton and other geochem1c a 1 Iy calculated small 
depth scales (D )9 '12 t0 be Possibly significant 
departures from those of the region as predicted 
from heat flow If both the small geochemlea 1 1 y 
calculated distribution values and those from
50 55 60 55 
% Si02
70
Figure 8: Harker variation diagram for L' and Th 
in the Tinemaha pluton (*) and associated mafic 
inclusions (solid boxes I
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.Mafic inclusions examined from the Tinemaha 
pluton vary in appearance, largely due to the 
abundance of plagioclase phenocrysts, but are 
dlorites, of a similar composition. There is 
little mineralogic variation between the mafic 
inclusions: all contain phenocrysts of 
plagioclase. biotite, hornblende and sphene set 
in a equlgranular hypidiomorphic groundmass of 
the same phenocryst minerals plus minor quartz 
and K-feldspar. Some hornblende phenocrysts 
contain cores of augite. Subhedral phenocrysts 
of sphene are often included in hornblende 
phenocrysts. but are themselves generally 
inclusion free. Groundmass sphene may approach 
the size of sphene phenocrysts. but 
poik 1 111 1c a 11y enclose groundmass plagioclase.
The subhedral sphene phenocrysts included in 
hornblende may be residual material, while the 
groundmass sphene probably crystalised from melt 
within the mafic inclusion. Thin needles of 
apatite occur throughout the groundmass and also 
occur as larger blocky euhedra included in 
phenocryst phases, mainly biotite. Zircon and 
sparce thorite also occur in the mafic
i nc 1 us ions.
The residual accessory assemblage in the 
Tinemaha pluton source region is thought to be 
sphene. zircon, apatite with or without thorite, 
based on high REE. Nb and Ta abundancies among 
other factors'. However, the uranium and 
thorium contents of these phases at great depth 
are difficult to infer.
Tindle and Pearce have examined the 
partial melting relationship for thorium and 
potassium in a suite of xenoliths (greywackes) 
and cognate mafic inclusions in an I-type
Q O
granite. The results indicate that thorium 
and potassium are significantly retained by the 
residual material with increasing degrees of 
partial melting At 88\ partial melting the 
residual greywacke material will contain 
approximately 50\ more thorium and over three 
times more potassium than the original starting 
materials In contrast, cognate mafic 
Inclusions become progressively depleted In
thorium with little change in potassium by
T2
partial melting . yet even at 85\ partial 
melting about 60\ of the original Th
concentration is still retained by the residual 
materia 1.
For uranium, source rock partial melting 
relations may be inferred by the changing 
uranium distribution during progressive »eta-
3 3
morphism. Dostal and Capedri have 
demonstrated that uranium is essentially 
unaffected by metamorphism below the granullte 
f a d e s  grade. In metamorphic rocks below 
granullte facies grade, uranium resides largely 
in non-mineral sites along cleavages and 
fractures . In granulite facies rocks almost 
all uranium is located in accessory minerals 
mainly sphene, zircon, apatite and rutile. 
Between upper amphibolite and granulite 
metamorphism, approximately 65% of the original 
uranium is mobilised and lost presumably to 
migrating fluids . However, the remaining 
uranium is now fixed in the highly refractory 
accessory phases and should thus remain 
relatively immobile during further metamorphism 
and even partial melting.
Thus the potential for high HPE concentrat­
ions in residual source materials after genesis 
granites may be much greater than has previously 
been suspected from geophysics or geochemistry.
EASTERN AND WESTERN GRANITOIDS FROM THE SIERRA 
NEVADA BATHOLITH: CONTRASTS IN THE FRACTIONATION 
OF RADIOACTIVE ELEMENTS
The gradational transitions in granite compos- 
sition with distance across the Sierra Nevada
pp p O
are well known . However, such gradational
variations are not evident when the granites are 
examined as compositional suites. This is 
largely due to the interfingering of the 
distinct granite suites. The most important 
fundamental distinction of granites within the 
batholith is between the western low K tonalites 
and trondh jem 1tes and the central and eastern 
granodlorites and granites, Figure 1. The 
boundary between these rock types has been
Q r
termed the 'quartz dlorite line' ‘. The plutons 
from either side of the quartz diorite line? 
exhibit notably different HPE fractionation 
t r en ds .
The Bald Rock pluton36 is an example of 
compositional zoning In a tona1 ite - trondhJem Ite
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system from the western Sierra Nevada, figure 1. 
The McMurray Meadows pluton Is an example of a 
strongly zoned granodiorite to granite system 
from the Palisade Crest s u i t e '’2 '. Both 
plutons are blmodal and coce ntric a11 y zoned with 
hornblende rich mafic margins and felsic 
interiors. F igure 9.
The accessory mineral assemblage in the Bald 
Rock pluton Is the tonalité which contains 
sphene. allanlte, apatite and zircon, while the 
trondhjemite contains monazite, zircon and 
apatite. The accessory assemblage for the 
McMurry Meadows pluton is sphene, apatite, 
thorite and zircon in the granodiorite and 
sphene, allanlte, apatite, zircon and thorite in 
the granite.
Within both plutons the fractionation of 
both uranium and thorium Is related to magmatlc 
accessory minerals, not al te rat ion 1 . The 
fractionation trends for the two plutons are 
contrasted in Figure 10.
It Is clear that the Bald Rock pluton is 
derived from source materials which are 
inherently low In HPE compared to the McMurry 
Meadows pluton. The low IJ and Th concentrations 
in the Bald Rock pluton are evidently buffered 
during fractionation, and thus do not exhibit 
significant enrichments. In contrast the 
McMurry Meadows pluton shows no such buffering 
for Th and only some for U. These differences 
'in IJ and Th fractionation trends could be due to 
several different factors including: timing of 
accessory mineral crystallisation, absolute IJ.
Th concentration, residual phases, and/or 
volatile complexing. Although all these 
processes may contribute to the variation in IJ 
and Th fractionation, the timing of accessory 
mineral crystallisation is potentially the most 
important. In general, p era1u m inous melt 
compositions are saturated at much lower 
concentrations of accessory mineral components 
than are metaluminous melts3 . Thus, the point 
at which an initially metaluminous I-type 
granite evolves to a peraluminous composition 
may be where REE, U and Th rich accessory 
minerals reach a crystallisation peak, causing 
subsequently evolved granites to be strongly 
depleted in such components. This may be the
Figure 9: Modal plot of quartz, plagioclase and 
K-feldspar in the Bald Rock pluton (solid 
d 1amo nd- ton a1ite open diamond-trondhjemite ) and 
the McMurry Meadows pluton (solid circles).
% S 1 0 2
Figure 10: Marker variation diagram for heat 
producing elements in the Bald Rock pluton and 
the McMurry Meadows pluton symbols as in 
Figure 9
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Figure 11: Harker variation diagram for heat production in the Sierra Nevada 
batholith. Solid symbols are tonalités and trondhJemites west of the quartz 
diorite line while the open symbols are grano dio rites and granites from east of
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the quartz diorite line. Data sources ’ author's data and unpublished
data of J. Saleeby.
situation in the Sierra Nevada since the western 
granitoids become peraluminous at less than 70% 
Si 0 2  whereas the eastern granites are not pera- 
luminous until over 74% SiC^- Thus, the western 
Sierra Nevada granites are potentially saturated 
in at least some accessory minerals (zircon, 
apatite, aonazite) at lower whole rock silica 
concentrations than granites of the central and 
eastern batholith. Combined with the inherently 
low concentration, the early saturation of 
accessory minerals greatly inhibits frac tio n­
ation to high U and Th concentrations in the 
western Sierra Nevada. This may be seen in 
Figure 11. where the western Sierra Nevada 
granites have a heat production maximum at -71% 
Sit^. whereas the central and eastern granites 
exhibit no marked heat production maximum.
Volatile complexing could cause larger 
enrichments of U and Th in the eastern Sierra 
Nevada granites However, both allanlte and 
sphene are zoned in identical manners in the
Bald Rock and McMurry Meadows plutons. Allanites 
have enriched rims that are 3-4 times higher in 
Th concentration than the crystal interiors, and 
no significant U zoning. Sphenes exhibit U 
enriched crystal rims and little Th zoning. It 
may be significant that the dendritic o ve r­
growths on sphene (Plate 2) have not been seen 
in the Bald Rock pluton. Yet, if volatile 
complexing has had an effect on the fraction­
ation of U and T h . the overall result is about 
the same in both plutons.
In summary, even though magma tic 
fractionation controls the behaviour of U and Th 
in both plutons, this fractionation is certainly 
not independent of magma composition.
IMPLICATIONS TO SIKRRA NKVADA HF.AT FLOW 
Our data imply that no universal HPK d i st ri b­
ution process exists in the Sierra Nevada 
batholith and leads to a re-examination of 
previous IIPK distribution models.
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Figure 12: Moat flow versus heat production for the Sierra Nevada ba tho 1 i th3-1 ' 6 ' " 
Note that heat flow holes directly associated with the Long Valley magma chamber are 
not plotted on this diagram.
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Lachenhruch' has proposed a series of four 
assumptions, which if a 11 are valid, removes the 
requirement that the initial HPK distribution be 
uniform throughout the region but retains the 
requirement that the rate of downward decrease 
(D value) be uniform throughout the region. Thus 
within the context of the model plutons may be 
compositionaI 1y unrelated (i.e. different 
initial mean concentrations for HPK) as long as 
the HPK are exponentially fractionated according 
to the same 0 value. However, we find two of 
Lachenhr uch 1s four assumptions subject to 
question. Firstly, assumtion C states that the 
linear relationship between heat flow and heat 
generation remains valid after differential 
erosion. Yet, there is very little evidence
from anywhere in the world, so far as we are 
aware, to support this assumption.
QQ
It has been suggested by Lachenbruch , that 
differential erosion of 10km would not be 
unreasonable in plutonic-orogenic areas This 
may be true, but the Sierra Nevada batholith is 
not such an area since the »etamorphic grade 
(upper greenschist) of the country rocks is 
uniform across this part of the batholith.
For the Sierra Nevada batholith. the oldest 
granite suites might reasonably be expected to 
contain the most differential erosion.
Figure 12 shows the relationship between 
heat flow and heat generation In the Sierra 
Nevada batholith Particular attention is 
worthy of the four labelled points in Figure 12.
THE. THW. JM and S M , as all of these heat flow
holes are in the same Sierra Nevada granitoid
2 2
sequence, the Scheelite sequence and all 
exhibit app are ntl y’ conductive heat flow 
independent of depth. The THE and THW heat flow 
holes are only a few kilometres apart yet differ 
in both heat flow and heat production by about 
one third the variation that occurs in the 
entire batholith. Previously, heat flow holes 
JM and SM have been included in the Basin and 
Range heat flow province rather than the Sierra 
Nevada province . However, the Basin and Range 
heat flow province is characterised by much 
higher heat flow than the Sierra Nevada 
province Yet. holes JM and SM are anomalously 
low in heat flow even for the Sierra Nevada 
Province Geologically, there is no reason to 
presume holes JM and SM are not part of the 
Sierra Nevada heat flow province. The heat flow 
holes which observe the linear heat flow - heat 
production trend in Figure 12 are restricted to 
the Cretaceous portion of the batholith. 
Therefore, the heat flow - heat production 
linear relationship is not independent of 
granite age in the batholith and implies it is 
also not unaffected by differential erosion.
QQ
Assumption D asserts that heat production 
at the base of the variable layer (i.e. the 
vertically fractionated granite crust) is 
'small' In this context small is considered to 
be much less than the value of q p for the 
region. It is clear that if heat production at 
the base of the variable layer were equal or 
greater than q f it would be impossible for 
surface heat flow values to approach the q p 
value. Vet. it is evident from Figure 11 that 
assumption D can only hold for the western 
Sierra Nevada granitoids which are intrinsically 
low in HPE and chemically unrelated to the 
eastern Sierra Nevada granites (at least for 
HPE) Whereas, granitoids (and residual source 
materials?) deep below the eastern Sierra Nevada 
probably have heat productions higher than those 
of the western granitoids at the surface or at 
depth. Therefore, according to I . a c h e n b r u c h 3 9  
assumptions C and/or D are invalid, the 
exponential HPE distribution model requires that 
the initial HPE concentration be the same from
A3.13
one pluton to another at a given height above
the base of the variable layer, which appears to
be unlikely.
However, the Sierra Nevada batholith is now
thought to have been generated from two funda-
a n
mentally different types of crust (1) 1700 
m.y. old sialic crust on the east side and (2) 
accreted oceanic crust on the west side. Figure
11 illustrates the difference between heat 
generation fractionation trends for granitoids 
generated from the two types of crust. Clearly 
these plutonic heat generation-fractlonation 
trends are not part of an exponential continuum 
across the batholith. Even if the western and 
eastern granitoid types could be compositi ona 11y 
related in some way the uniform metamorphic 
grade throughout the Sierra Nevada precludes 
large amounts of differential erosion required 
by the exponential distribution.
We conclude that serious questions remain in 
the interpretation of the HPE distribution in 
the crust. Until there Is direct geochemical 
evidence to support an absolute exponential 
distribution of HPE. alternative distributions 
should not be discounted. Therefore we find 
that the Sierra Nevada heat flow province should 
not be considered an example of an exponential 
HPE distribution and that the step HPE 
distribution model may still be the most 
appropriate for the Sierra Nevada batholith. 
geochem i c a 11y .
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APPENDIX 4
Text supplement to chapter 8 , not included in the paper submitted 
for publication.
APPENDIX 4 A4.1
Heat production in mafic inclusions from granites of the Lachlan Fold 
Belt
In Chapter 8 much of the reasoning is based on experimentally 
derived phase relationships to suggest that residual granite source 
materials may contain significant HPE concentrations. Cognate mafic 
inclusions exhibit low to moderate U and Th concentrations compared to 
an I-type host granite or moderate to much higher U and Th 
concentrations compared to an S-type host granite (Chappell, 1963; 
Griffin e_t aj_. , 1978; Tindle and Pearce, 1983). Tindle and Pearce (op. 
cit.) have examined the partial melting relationships for thorium and 
potassium in a suite of xenoliths (greywackes) and cognate mafic 
inclusions in an I-type granite. The results (op. cit.) clearly 
indicate that thorium and potassium are concentrated by increasing 
degrees of partial melting into the residual material. At 88% partial 
melting the residual greywacke material will contain approximately 502s 
more thorium and over three times more potassium than the original 
starting materials. In contrast, cognate mafic inclusions become 
progressively depleted in thorium with little change in potassium by 
partial melting (op. cit.), yet even at up to 85% partial melting 
about 60% of the original Th concentration is still retained by the 
residual material. Thus, as predicted for chemically weathered S-type 
granite source materials (greywacke in this case), rhabdophane 
dehydration at about 400°C (Vlasov, 1966) fixes some thorium in 
largely insoluble monazite even before partial melting occurs.
A4.2
At the present time, mafic inclusions in granites provide the 
best indication as to the nature of the re^ /dual source regions of 
granite. It is beyond the scope of this paper to detail all the 
evidence to support some mafic inclusions as residual material from 
the site of granite anatexis, but it is widely accepted (White and 
Chappell, 1977; Presnall and Bateman, 1973; Pitcher, 1979) although 
not completely unquestioned (Vernon, 1983).
The concentrations of uranium, thorium, potassium and lanthanum 
in Lachlan Fold Belt I- and S-type granite inclusions are presented in 
Figure A 4 .1. Both I- and S-type inclusions containing more than 
about 58% Si02 exhibit variations similar to that of the host granite 
for these elements. Potassium fluctuates widely for both I- and 
S-type inclusions. In terms of heat production deep in the crust, it 
is significant that I- and S-type granite inclusions average about 
1.8% and 3% potassium respectively, even for the most mafic of the 
inclusions.
The inclusions containing less than about 52% are the most 
significant, since these probably represent residual source material 
from which varying amounts of partial melt has been removed. The 
S-type granite inclusions which contain less than 52% Si02 have
uranium, thorium and lanthanum concentrations that are well above 
those of the host granites. These low silica S-type inclusions are 
consistent with refractory monazite in the residual source material as 
predicted earlier from phase relations. The low silica inclusions (2) 
from the I-type granites also exhibit high concentrations of uranium,
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Figure A4.1 Harker variation diagrams for inclusions from I- and 
S-type granites in the Lachlan Fold Belt (data of B. W. Chappell). 
Triangles = S-type inclusions; X = I-type inclusions.
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and lanthanum but variable thorium. Based on the niobium and 
zirconium concentrations of these samples it appears that 
the thorium-rich sample is due to sphene as a refactory phase, whereas 
the low thorium sample may have zircon as the abundant refractory 
phase.
It is implied from the compositions of these cognate low silica 
I-and S-type granite inclusions that refractory granite source regions 
may contain higher heat poductions than even the surface granite.
